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This reprt presents the  resu l t ;  of an experinmital invest igat ion 
of three polymeric fue l s  with oxygen a t  t e q e r a t u r e s  of about 260 t o  
3Z0°C and within a pressure range of  8.8 t o  20.6 atmospheres. The 
polymeric f u e l s  were carboxy terminated polybutadiene (CTPB), p l y b u -  
tadiene a c r y l i c  acid (FaAA), and I;olystyrene (PS) . 
The invest igat ion consisted of t w o  par ts :  a determination of 
t he  ignition time of the  polymers as a h n c t i o n  of oxygen cmce3- 
t rp t ion  and temperature and a detcrmination of the ltliiss spectra of 
t he  pyrolysis products of these polymers i n  equilibrium w i t h  one 
atmosphere of helium at 260OC. 
three polymers; l i s t e d  i n  the order of decreasing ease of i .p .  
Igni t iuns were obtained for a l l  
ibil i t? 
they are PBAA, CWB, aid PS. The igni t ion  times %r the  PBA: :rrd CTPB 
poiymers exhibited a low ord- i dependence on ox: 
and a st rong dependence on i n i t i a l  tempeiature. 
resuits indicated tha t  t h e  I%. mum mole f r ac t ion  of kcel vapors pres- 
ent  under any ign i t ion  conditions was less t h m  abour two per  cent.  
- concer.tratioa 
The mass spectral 
Ba: ad on the  above resu l t s ,  a heterogeneous reaction mechanism, 
asamed t o  be k ine t i c s l ly  cont-olled by t h e  surface reac ion step, 
postulated. This mechanism agrees qual4tat ively with the observed 
r e su l t s  . 
4s 
Xknition experiments i n  a chlorine e n v i r o n m t  were also per- 
formed with t hc  CTPB and PBAA polymers, bait no Igni t ions were 
detected. 
both carpwite and doubledam caostituents have been develrrped. 
M a11 the components required for a -et rotor fantor 
case, nozzle, insulatiw., propellant charge, etc.) the igniter 
her been one of the oDst d i f f i c u l t  to design and develop accord- 
ing to a rational procedure. 
solid pmpeilant rocke: amsten < S O  is. t o  260 in. dio.) ,  
K i t h  the advat  of the iargc 
2 
igniter development programs repiring extensive full- 
scale or even sub-scale testing wen no lonw eammically 
feasible. 
process, research an dais problem wes significantly increased 
bJegiming about 1960. 
Because of lack of Imouledge obout the ignitioa 
Since that tin sew& theories of 
soiid pmpeii-t ignition have been developed and m m u s  
i d t i o n  experits  have been conducted. The advane in 
the state of t&e art has been appreciable; colputcr prognms 
are p-txy availale for preiiicting the ignition transients 
in 3- s d i d  propellant lotoFs (1) . - i  As a part of their input 
infamntim -e eaputer pro- require oxpe-tal data 
wbi~h ties- tbe r e s e e  of tfie pbrticular prope~~ant 
forrplation t~ the ignition stirulrrr {radiant heat transfer, 
umvective heat transfer, surface chemical reaction, etc.), 
data are usually abtain-d in experiments designed to duplicate 
- 
These 
caosely the expected stiuEus in the large solid propellant 
.lotar. 
erprrirnt. 
It rauld be advantageous t o  avoid this type of 
If  the relative amtributiuns of different ignition 
szirulii d d  be computed for a group of sarposite propellants, 
mly a few standard tests of propellant ignitability would be 
needed. 
t 
Numbers in parenthesis indicate publications presented 
in the List of References. 
Mraittedly this is a formidable task  cansidering the 
cmplexity of composite propellants. 
schematicaily the types of chemical nactkms wtticb may occur 
and lead to the steady flsmbustion of the propellant. Each of 
the four principal theories of solid propellant ignition 
Figure 1 depicts 
ass- that m l y  one of the types of reactions is rate 
(a) the solid phase t h e 4  
( c )  the hypergolic theory, 
A brief description of these 
&rie: is presented later. 
by same experilwntal data, 
for the ntost part under conditions highly favorable tu the limit- 
~ a c h  of these theories is supported 
These.supporting data uete obtaized 
h g  assumptions of the theoretiad -1s. tkrfortunately, 
practical igniters for rocket motors seldom provide these 
favorable conditions Cm ejcqtioa is kjprgolic ignition), and 
t!!e description of ignition by means of a s ingle  rate con- 
trolling reaczian is insufficient. 
Additiamal informatics is 1.- *ut tbe demical react- 
Lon5 khiA lead t o  ignition, in order to  evaluate the 
relative contributions of different ignition stimulii .  The 
wfective of this report is t o  provide such infametion about 
the ignition reacticms between two polymeric fuels and two 
oxidizers, oxygen and chlorine. 
83 oxidizer decomposition products in composite pmpe1lants which 
contain ammonium perchlorate oxidizer. 
Both chlorine and oxygen occur 
. 

6eatera.l Discrrrsioa 
me of the lDFc -tal difficulties in the kertrrrt 
criterian. '2he state of ieititm may be amsidered as the 
caaditioa of a chemically reacting system did will proceed to 
self sustaining deflagxation even if the ignitim s ~ m a l u s  is 
removed. Hatbemntiully this  say be mpresmited by 
6 
loss  = r a t e  of heat loss  t o  the  er,-:iron.ent, 
2 cal/cm -sa. 
Operationally, the state of ign i t ion  is determined by one o r  
mre of the  following c r i t e r i a :  (a) indication of rad ia t ive  
emissions i n  the  neaF infared, v i s ib l e ,  or u l t r av io l e t  regions 
of the elect-gnetic spectrum, (b) indication of a pressure 
rise caused by rapid generation of gases, and (c) d e m s t r a t i o n  
of self sustaining deflagration up3n reaoval of the igni t ion 
stipclluj. Ihe time in te rva l  required €or ign i t ion  begins at 
the ins tan t  of application of the  ign i t ion  s t idus  and ends 
when one of t he  above operational ign i t ion  criteria has been 
attained. This tise in terva l  w i l l  he reaf te r  be cal led the  
igni t ion time. Unfortunately, these operational ign'ition 
criteria of ten do n s t  y ie ld  q u a l  values of igni t ion tire 
f o r  the same e q e r i p e n t .  
There are similar d i f f i c u l t i e s  i n  ciefir?ing ign i t ion  
criteria f o r  the  theore t ica l  models. The attainment of the 
following conditions have beat  uti l ized as igni t ion criteria: 
(a) a fixed "ignition" t e n p r a t e r e ,  @) an a r b i t r a r i l y  large 
value of the rate of temperature increase with time (say 
iE sec = lo6 ?),(C) some predetermined value for the  r a t e  of 
production of gaseous reactants  a t  the propellant surface,  
(d) the  point of in f lec t ion  i n  the  temperature-time curve 
just before - +  0 ,  znd (e) eventuzl precipitous temperature dT 
d t  
7 
increase after removal of the igni t ion stimulus. Because these 
different  igni t ion criteria are u t i l i zed  in  the various theore t ica l  
models, conparisons between the  mudels or a consistent b a j i s  are 
impossible. 
Igni t ion Theories 
General 
A t h a x e t i c s l  model of the ign i t ion  p r o c s s ,  applied t o  so l id  
rocket propellants,  was first published iii 1956 ( 5 ) .  
t i m e  several  d i f fe ren t  ign i t ion  theories  have been p m p s e d  along 
with iapr?*rements and d i f i c a t i o n s  i n  each of  the  theories. A l l  
of the exis t ing  theories  are or: dimensional i n  the sense t h a t  the  
conservation equations consider only gradients in  the  direction 
normal t o  t'be so l id  surface. 
Since t h a t  
t 
The fol1o;ing approach.is taken i n  each of  t he  ign i t ion  theo- 
ries presented below. 
is postulated and a one step overa l l  reaction r a t e  equation of 
t h e  Arrhenius type is assumed t o  describe the chemical heating. 
The governing conservation eq i i t i ons  and the  necessary boundary 
and i n i t i a l  conditions are fornulated. 
which permit t h e  simplified faxm of the  above equations to  be 
u t i l i r r d  and which a re  necessary for a solut ion t o  these equations. 
The controlli. .g source of  chemical heating 
The assumptions are l i s t e d  
An igni t ion crGterion is assumed which w i l l  be compatible 
Hovcver, two dimensional analyses have been u t i l i z e d  f o r  the  
problei  of flame spreading on a propellant surface. 
8 
with the  solution of the  equations. 
s o h t i o n s  t o  the  set of simplified equations is then obtained by 
classical techniques, dimensional analyses, numerical tech- 
A solution or s e r i e s  of 
niques, o r  a combination of these. 
are typ ica l ly  presented i n  graphical form depicting the 
The .-esults of the  analyses 
dependence of the igni t ion  time upon the  i n d e w d e n t  var iables  
of interest. 
The Sol id  Phase Thermal Keory 
Ihe s o l i d  phase thermal theory considers <&e ign i t ion  
of s sa i - in f in i t e  s o l i d  phase by rams of a thermal energy stimulus. 
It was or ig in i a l ly  developed for the ign i t ion  of double-base 
propellants,  but it has a l so  been applied t o  the  ign i t ion  of 
composite pmpel!ants. .This theory has been d e l e d  with nany 
d i f fe ren t  restrictive a s s q t i o n s .  In all models f o r  which 
soliitiuns have been obtained the following assumptions are made: 
(a) mass diffusion is neglected, (3) chemical r eac t iv i ty  of the  
gas phase is neglected, and (c)  the rate of chemical raact ion is 
independent of the concentration of the reactants.  These 
assmptions are equivalent t o  forcing the  chemical heatine ts 
occur i n  the so l id  phase and to  having the temperature of the  
so l id  phase cor.Lro1 the rate of chemical heating. Price, e t  a l ,  
(3) present a thorough discussion of the var ia t ions i n  t h e  models 
of the s o l i d  phase thermal theory. 
have u t i l i z e d  four of the f ive  aforementioned igni t ion c r i t e r i a .  
The d i f fe ren t  so l id  phase models 
9 
The resu l t s  of the simpler versions o f  t he  t k m a l  theory 
predict  
&here 
2 q = thermal energy absorLed pe r  unit area, (cal/cm ) 
q = therm1 energy f lux,  (cal/cm -sec) 
B = constant ( c a ~  /cm - s e c - O ~ ~ )  
2 
2 3  
0 T = temperature of s o l i d  surface,  K 
T. = i n i t i a l  tempereture, K 
S 
0 
1 
which for f ixed values of "ignitio3" t e q e r a t u r e  and i n i t i a l  
temperature, reduces t o  qq = B'. Figure 2 is a graphical 
representation of q vs. q for one dimensional heating of a 
ccmdensed phase, i n e r t  material by a cons:ant heat f lux.  As may 
be  deduced from Figure 2 ,  t he  ign i t ion  time i s  inversely 
propoi-tional t o  the square of t h e  heat f lux.  r n i s  fac t  leads 
some invest igators  t o  depict  the results of the thermal t h e o q  as 
vs. log q w i t h  the  ign i t ion  c r i t e r ion  appearing * 1/2 graphs sf log (t ] 
as a slope of  -1. The more complicated var ia t ions of t he  thermal 
theory do not predict  sup31 a s i q l e  resu l t s  although the experimental 
data  are  usually plot ted i n  the above manner to indicate  deviations 
from the  simple thermal theory. 
10 
.1 1 10 100 1000 
2 b8t FlUX (Ul/Cr -SeC) 
Puawter v8luts: E/R = 25,OOO'K 
solid density = 1-6 g / d  
specific heat of the solid = 0.37 cal/g-OK 
thema1 conductivity of the solid = S x 10-4 cal/cm-sec-'K 
(from Reference 3) 
11 
me Gas Phase Theory 
The principal postu'iato of the ga= phase theory (6,7,8,9) 
is tha t  the  r c t e  controll ing &emi:al reactions occur between 
vaporized decomposition products of the polymeric fuel a d  a hot 
oxidizing gas. This theory w'3s oziginal ly  drveloped i n  con- 
junction with th,? ign i t icn  of propellant and fuel  samples i -  an 
oxygen f i l l e d  chock tube. There ire four v a r i a t i m s  of the  gas 
phase theory. These var ia t ions m y  be c l a s s i f i ed  in to  two 
categories: 
esrlier non-canvective gas phase theory. 
the convective gzs pnase theory (8) ar ri (9) and the  
T?te most recent version 
(9) does nct  r e s t r i c t  the source of the oxidizing gas t o  the  
envi-torment as do the  former versions, but includes the  poss ib i l i t y  
of oxidizer gas generatio2 at the  propellant-environmental 
gas interface.  The assumptions common t o  a l l  versions of the  
gas phase theozy 218: 
the gaq phase, @I the reaction rate is first order i n  both the 
( T )  the  clemical kz ,ing BCCUYS only i n  
concentration of the  fue l  vapor and i n  the concentration of the 
envirmmental oxygen, aqd (c) the mass d i f f u s i v i t i e s  of a l l  gas 
species are considered conscant and equal t o  the  thermal d i f -  
f-i -ties L:, gas phasz 1 i . e .  Lewis Number (Le) 5 - = 11. 
Other assl-iions are made which are cha rac t e r i s t i c  t o  a par t icu lar  
D 
a 
vzriat ion of t h e  gas phase theory.  These a re  described and 
evaluated for the  rwo e a r l i e s t  gas $3se theories by Price 
(3). The igni t ion c r i t e r i a  u t i l i t z d  for these theories includes 
both the attainment of a given value of  - and the attainment of a dT 
d t  
12 
fixed " i y i r i o n ' '  temperattire. 
'Ihe convective gas phase i y i i t i o n  model as d s c r i b z d  i n  
Reference 8 is 3 mch nore r e a l i s t i c  &'ti than the earlier g i s  phase 
theories.  This model incicdcs heJt feedback vu tne f w l  smz'ace 
fzom t h e  gas phase reaction, a tempmature degendenr pyrolysis r a t e  
of the fuel  , a d  the effect of r e a c t n t  consumptiori. 
ear ly  gas phase theory ai FcAle-q predict td  tha t  *he Fqxitio:: ti -.- 
is inversely grcportionat to the 2/3 pwr  of oxidizer concentration, 
in the  =re recent ~-x,mec iue theory OS R5feren:e 8 %he e f fec t  of 
oxidizer concentration on igni t ion ti= is COTS' coqlicated, 
3 depicts t?ie re iat ionship of thz igni t ion delay is a function of 
the oxidizex *le f rac t ion  a t  sonsta% pressure. 
that the slope irrcreaces with the  Eole fraction of oxidizer frcm a 
value approachihg minus infinity to a va iw a? --cacl,liig X c X l e v y f  .c 
l imit ing value of -2/3 at high mole frac;icnc,. 
tesperatures,  act ivat ion enersies,  i n i t i a l  fue? 9-5 fluxes, and 
igni t ion c r i t e r ion  (T' = 2700'K) the relat ionship of i g n i t i m  delay 
as f u n e i o n  of environmental pressure is depicted iii Figure 4 .  The 
slope o f t h e  curve 5n t h i s  instance changes only s l i g h t l y  from a value 
of apprcximately -1.86. 
dependence is di f fe ren t  i n  these two firares since changes i n  the 
total p:essure alter the rate of heat t ransfer  to  the fitel surface. 
While the 
Figure 
7; is  observed 
t--,.t th: saw iit;.tial 
T t  i s  not surprising that the  igni t ion ti= 
TZie authors of the  ~~OFY~. 'ELCYYCI gas phase rheo;y with heat feed- 
back also note t n z t  rapid igni t ions (ten t o  LOO milliseconds! 
Figure 3 Ignitfozl T i r  YS. Oxfdizor b l c  Fractdon 
at Constant Total Pressure 
z r t  I I I 1 
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1s 
-4  are predicted for fgel pyrolysis P ~ S S  f l - u e s  2s low as IG 
2 g/*a -sec, 11; should be noted thar the ttctivat:on energy, E, 
Similar to the therms1 theory, the gss phase d e 1  forces 
the chemiczl 3eating to occur ia z particslar location; in a i s  
instance it is in the g s  @zce region. 
-a 
the hypergolic ignition sf solid pro@lant with perfiai  
teergeratures. This maei considers that %he so l id  propellant 
(or fuel) is suddsniy brought into C Q ~ ~ Z C C  with -R gaseous oxidrtex 
e~viron~ent which hzs a f ixed concentration, The chemical 
heating is pri?5md eo occur in a heterogeneous reaction at the 
g2s-s.alid 'interfxe, and for the simplest case the reactdm rate 
is assuesed first order with respect to oxidizer concentr~tisn. 
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Ot!,Ser ass-uzptiw.s made in t 3 s  =de1 are: (3) t h s d p d c  
and transgcrt Froperries are independent of t-aperctxre, 
(b) cfrt~i~ical hezting starts instmtmewsiy upon contzct of 
the gzseous oxidizer witk the propellxiit, (c) the hsat 105s 
fmax the reaction surface is by ti,;s=wd md sass diffusion 
(Lewis Number of unity i s  -sumed), Cp) the gaseous layer adjacent 
to tkt fuel surface and the fuel surface izself are always in 
thermal cquilibriux, End (e) so l id  phase is isatrcpic. Since 
tbis Bodel does actt have i~ steady state solution, an a r b i t z a i l y  
high value of - w a s  assumed as the ignition criterion, dT 
dt 
Ihe 
assllasp'-,ions implict in the hypergolic nodel force ignitiop, t o  
occur at the solid gas interface. 
The hypergolic ignitian awry predicts thst  the 
ignition time is inversely proportional to the square of the 
rate: of the heterogeneous reaction. 
temperature  is dependence m y  be written t - :ca I-* &em. For a constant i n i t i a l  
-OX 
f is the i n i t i a l  oxidizer concentration and n is the order ox 
of the heterogeneous reacrion. 
distingpizh between the methods of altering the oxidizer concentra- 
The hypergolic theory does not 
tion, i. e. by changing the mole fractiun at constant total 
pressure or by changing the total  pressure at constant mole fraction. 
The Heteroeeneous Ignition Theory 
The heterogeneous ignition theory (11) considers &e ig: '*ion 
of a composite solid propellant which is exposed to a themal s t imlus .  
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This thecry pcstulates  t hz t  t h e  control l ing hes t  eener:.tion occurs 
f r o m  chemica: reactions between gseous decomposition products 
of *&e m i u n  perchlorate oxidizer and the polymer surface. As 
i n  al l  of the aforementioned theories the analysis is one dimensional 
and specifies the location of the chemical heating. The 
cheaical heating may occur e i t h e r  at the surface of the  pmpel laut  
between the gaseous oxidizer and condensed phase fuel F e x t a n t s  
or it ocar at  oxidizer-fuel inreifaces  in the i n t e r i o r  of t he  
propellant. hder  conditions of low pressures or r e l a t ive ly  
weak fuel binders, the oxidizer gases which are generated within 
the pmpellult escape t o  the propellant surface and the predicted 
igni t ion behzvior is similar t o  that predicted by the hypergolic 
theory. With high p ~ s s u r c s  or r e l a t ive ly  strong fuel binders, 
the oxidizer gases which zre generztd within the propellant are 
better confined and 3r2 able t o  reach concentrations su f f i c i en t  t o  
assum rapid chemical heating beneath the propellant surface. 
For this s i tua t ion  the prapelltrnt is postulated t o  be less sen- 
i t i v e  t o  the effect of external pressure because the  external  
pressure has l i t t l e  e f f ec t  on the concentration of the  react- 
ant g3ses. 
most experi-ntal results, it should be reggrded as qua l i t a t ive  
since the  values for the k ine t i c  parameters are obtaid6d-by. f i t t i n g  
Although t h i s  ignition theory h a s  been able t o  explain 
experiiaentai data. 
' h e  heterogeneous igni t ion of propellants has a lso  been 
modeled by Williams (121, who presented the r e su l t s  of a dimensionless 
numerical solution i n  g r q h i c a l  form for the ease of zero external 
18 
heat flux t o  the surface (i.e. the hypergolic case). 
these r e s u l t s  fo r  predict ing ign i t ion  times requires independem 
knowledge of the  k ine t ic  parameters of the heterogeneous react ion.  
Othawise, the predicted values of ign i t ion  tire may be adjusted 
t o  f i t  the experinental walues by proper choice of ac t iva t ion  energy 
a d  the pre-exponential factor.  
Use of 
Experimemtal Imrestigatiaas 
General 
Many kinds ot i f l i t i o n  experiments have been conducted on 
so l id  propellants a d  so l id  pxopellant rotors. 
are (a) ign i t ion  of p p e l l a n t  by iPbedded electrical res i s tance  
w i r e s  (131, (b)’ propellant ign i t ion  by hot gas generators (14), 
(c) igni t ion  in shock tubes by convection and by d u c t i o n  [lS,l6), 
(d) ign i t ion  by rad ian t  energy in arc imaging furnaces or xmon 
laq iuging furnaces (16,17), and (e) hypergolic i gn i t i on  by 
Sore of these 
flourine and cnlorine t r i f l u o r i d e  (18,W). In addition there 
have been extensive s tudies  of the mechanism of decapos i t i on  of 
perchlorate and a few studies of a more fundamental nature 
such as the  ign i t ion  of fue ls  by perchlor ic  acid vapor. 
In this section on ign i t ion  experiments only the lore 
fundamental s tudies  and those endeavoring t o  ascer ta in  the re- 
sponse of the propellant to igni t ion stieulii w i l l  be described. 
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Oxidizer Decomposition 
Several invest igators  have studied t h e  decorposition of ap.onium 
perchlorat-:: (20 through 26) and the  decomposition k ine t ics  are 
reasonably w e l l  established f o r  low pressures. The most r e c a t  
invest igatgrs ,  Goshgarian and Y a l t a n  (24) studied mi- per- 
chlorate decompasition with a Knudsen cell i r i  a double focusing mass 
spectroreter. They postulate  the  following dcconposition mchanism 
which occms in three d i s t i n c t  rate-controll inp steps. 
Step I ? a l p 4  + ai- + Hc104 s 
Step I1 4NH + SO2 + 4N0 + 6H20 3 
2NO + o2 + 2N02 
2 3NO -* N20 + NO 
zr:o + N* + o2 
HC104 * ClO, HClO,  C102, CIz, Y20 Step I11 
Measured act ivat ion energies of the  s teps  one, two and three 
are 22.2 kcal/role, 29.9 kcal/mole and 44.0 kcal/mole respectively.  
fhese measurements were d e  over thc temperature range of 142'C to 
252OC. 
composing at  lnrJ C, with the nonreproducible l ibera t ion  of ammonia, 
water, oxides of nitrogeg, oxygen ?ad hydrogen chloride. 
ment of t h e  sample for 48 houE at 200°C w a s  required before re- 
producible spectra  could be obtained. 
reaction could not be writteri because of the  fragmentation of 
The authors found t h a t  the  ammonium perchlorate beg= de- 
0 
Heat treat- 
A balanced decomposition 
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molecuies i n  the ion source of the  mass spectrometer and t h e  
existence of tiiree d i s t i n c t  reaction rates. 
An civeral1 act ivat ion energy of 29.5 kca l /mle  for the  de- 
composition process w a s  measured from Knudsen C e l l  pressures and 
tenperatures. 
reported by Bircuclshaw and Ph i l l i p s  (26j. 
This value compares well x i t h  t h e  value of 29.6 kcal/mole 
Deconpositicn of ammoniu~~ perchlorate has been investigated on 
a very l imited basis  at high pressures (27). Assuming a f irst  
order overall  reaction, an act ivat ion cnergy of 17 kcal/mle was obtain- 
ed fmn; d i f f e re - . t i a l  thermal analyses r e su l t s  a t  pressures from 1 
atmosphere t o  14.5 atiiicspheres. 
the temperature in te rva l  320 t o  44OoC. 
These re su l t s  were obtained i n  
?hemal Degradation of Polymers 
Information on the thermal degradation of polymers which are used 
i n  s o l i d  y r o p e l l ~ n t s  is very l imited at conditions of r e l a t ive ly  low 
temperature '(up t o  280OC) and under conditions of high heating rates. 
Madorsky (28) presents a comprehensive sumnrary of experimental data  
on the bulk thermal decomposition of polymers. kAlevy and coworkers 
(29,30) have investigated t h e  t h e m 1  degradation and 1 inear pyrolysis 
of polystyrene and polymeth>rlmethacrylate. 
the  discussion of polymer degradation will be l imited t o  low temperature 
degradation of those polymers or  polyacr families which were u t i l i zed  
i n  the experimental programs, viz.  polybutadiene and polystyrene. 
Kadorsky ( 2 8 )  reports data on the  bulk pyrolysis of pur i f ied  
In the present report  
0 polybutadiene i n  the temperature range 325 t o  400 C. At 325OC the 
2 1  
m s s  per cent of pyrolized prorluct w s  6.19; o w r  3 t h i r t y  minute 
heating period. If 2 l i nea r  function cf pyrolysis rx te  versus 
amount pyrofized is xisumed, t h e  percentzze pyrolyzed i n  one 
secocd is  3.39 x lo”%. 
some question s ince at hizher tenperstures (380 t o  395OC) the  
i n i t i a l  pyrolysis rates Q Z ~  be estimated t o  be a QU& 3s m 
order cf mi-gnitude higher fron the .da ta  presented. 
a reore r e a l i s t i c  e s t ina t e  of the  i n i t i a l  pyrolysis- rzte o f  polybuzadiene 
a t  325OC would be 3.4 x 10-2%/sec. 
pyralysis r a t e s  would be a t  260 C i s  unknown. 
This werapins  pmcedure i s  subject t o  
i3n t h i s  bas i s  
How much lower the  i n i t i a l  
C 
Rym, e t  a1 (31) h2ve investigated the thcrnal decomposition 
of  cured polybutadiene acry l ic  zcid (PBAA) polymers under high 
heating r a t e s  (= lSO”C/sec) by exposin5 ?I copper disk calorimzter 
coated with a th in  f i l m  o f  polymer t o  the black body radiat ion 
of the i n t e r i m  cf 3 tube furnace. The temperatwe of the copper 
disk w a s  recorded as 2 function of time, and the  first indication 
of endothermic reaction 3f the  polymer w a s  observed at a disk 
temperature of 29OoC. 
polymer corresponding t o  the endotherm was 39OoC. 
The calculs ted surface temperature of the 
The authors 
conclude that ;f s iy i f ican t  f rac t ion  of the PB;W polymer does 
not decompose a t  temperatures of less than 35OoC. 
French m d  Rcsborcuzh (32) have studied the oxidLtion 
of carboxy terminated palybutsdiene (Ci’PB) polymers. l l e y  report  
t ha t  although thermal brcakdown occurs in uncured polybutadiene 
?2 
a t  teclperzturer 3bovt 20OoC, thermal breakdown of crcsslinked 
CTPB has not been observcd z t  temperatures up tc, 265 C. 0 
Nzdorsky s l s o  reports d2.z on the r i te of thermal de- 
gradation of pofystyrene. The lowest temperature f o r  which 
degradation is r e p r t e d  is  290.7OC. The i n i t i a l  pyrolysis 
r a t c  a t  t h i s  temperature was estimated from the i n i t i a l  slope 
of the curve of percent3gi of sample vaporized versus tiw. 
value thus cbtained is  1.25 x lO-'%/sec. 
given by Fladorsky for polystyrene depadat ion  is 55 kcal/mole. 
The i n v e s t i g a t i w  of POlYStyT- pp1ySi .S '  by bfcAlevy. arki 
The 
The a c t i r d i o n  energy 
Hansel ( 2 9 )  under hi?h heat f lux  conditions, indicated t h a t  
the r a t e  controll ing mechanism chaqges a t  so l id  surface reyressicn 
rates of about 3 .: 10-2cm/scc. 
energy is about OC t o  50 kcal/mole a d  abcve t h i s  vzlue the 
act ivat ion energy i s  about 12 t o  16 kca?/mole. 
Below t h i s  value the act ivat ion 
. - I s i t i o n  of Fiicls i n  Pcrchloric Acid Vzpor 
Pearsm and Sutton (33) have investigated the  ign i t ion  of 
fue ls  i n  perchloric acid vapor m d  i n  oxygen a t  one atmosphere 
pressure. I.,rmitions c f  typical  prcpellant polymers were obtained 
a t  203 t o  2SO°C i n  the presence of perchlor ic  acid vapors, while 
igni t ion of these polymers i n  oxygen w a s  achieved only a t  
temperatures above 3S0°C. 
were apparently aeclsured by a s top watch o r  some similar technique 
because the values were penerally reported t o  the  nearest  secmd 
Imit  ion t i nes  fo r  these experiments 
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numerical v3fucc ure reponed for times less  than one 
zec~nd,  P e  authors ~ l s o  report tbzt  m-vola t i le  fuels i@.rsd 
readi ly  with perchloric acid vapor, but t h a t  gaseous fuels igni ted 
only i n  the presence of 2 surface zt  ccrresponding temperaturfs 
(about 200-30b4C). 
a heterogeneous reaction nechvlisn is the most pmlable  one f o r  
i p i t i o n s  with perchloric acid va2or and for  composite propel lants  
containing ammonium perchlorate.  
Based on these r e su l t s  they concluded t h a t  
Hypergolic Igni t ion 
Several invest ieat ions have been conducted on the i_mition 
of composite so l id  propellants with hi2hly react tve oxidizers 
such as f luorine and chlorine t r i f l u o r i d e  (18,19,34). 
obtaiced with gas phase hypergolic oxidizers are ~ ~ w l l y  correlated 
by graphs of log  t 
theory predicts  that  the i s i t i o n  time is inversely groportional 
t o  the oxidizer concentration raisea t o  a power sq-1 t o  twice 
the order of the overal l  reaction. 
t h i s  type of correlat ion f o r  hypergolic i p i t i o n  data. 
Data 
0 4 v e s u s  log Cox since the hypergolic ign i t ion  
F i , m  5 is a graph depicting 
Some invest igators  have reported that precondit.ioning o f  
the propellanz sample i n  an i n e r t  gac envimment  before exposure 
t o  the oxidiLing $ 2 5  (as opposccl t o  evacuztion of pre-conditioning 
chamber) 
vzlues of  bxidircr concentrations. 
igni t ion tine increase w 2 s  greater  a t  higher oxidizer concentra- 
t ions.  These r e su l t s ,  i f  plot ted on a 102 t versus log C 
graph, would appear as a c m e  having a slope of about - 2  a t  low 
caused an increase i n  the igni t ion  time fsr equal 
The r e l a t ive  magnitude o f  the 
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describcd earlier. 
Testing of solid propellant ignition uirh arc inzging furxic-l-s 
has b c a  P-~FOSCC as a standard rechnique thmughwt the propulsion 
industry for determination a€ propellant ignitability. Heat flux 
ca2ibration betwen difcerznt: laboratories is one of ti* many 
unsolved pr&lms in this area. Smserf ie ld  and OhlerPilIcr recenti) 
have publish& 3 critical afiitiysis of the arc iwaging ignition test-  
ing technique (38;. 
Ignition in Shock Tubes 
Solid propellant- i g ~ ~ t ~ i ~ n  has been studied with s h t k  tubes 
in bot3 inert and =active enviromats (6,?,15,27). Propellant 
s q l e s  have been axxtntcd bat$ in an end wait configeration for 
csrsductive hating studies and on a probe in thc shock eunnel 
acde of q c r a t i ~ n  foT convcctivc heating experipients. Sh~clr tun- 
nel resvlts of tke mvect ivc  heating mode have been correlated by 
Kailer {Is) wing graphs of tug ignition time -0 the one-half 
powor versus log heat f lux.  
arc presented in Figurc 7. 
Typical i gn i t ion  rcsuhts 5f th i s  type 
Recall that this f y p  of correlation 
is suggested by the so€id phase :‘nemal thcory. 
aentaf data depicted S;i Figure 7, nitrogen was employed as the 
For the experi- 
enviroruaentsl gas and therefore the chemical hcrttiny effect due t o  
an external oxidizer was .&sent. 
Shawion (271, bowever, atilizcd varying mixtarcs of nitrogen 
and oxygen i n  shock tube experiments to ignite sarnplcs of p m -  
Nitrogen -_ 
__-_ 
(fmm Reference 15) 
Figure 7 Square hoot of Ignition Time vs, tieat Fiux 
for a PBAA4.P PropeXtanr i n  o Shock ' M e  
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Fellant and polymer which were mounted in the end wall configuration. 
'Ihese data are correlated by a graph of log igni t ion t izc  
versus log oxidizer concentration in the same manner as the  hypergolic 
igai t ion theory. Results for  twelve d i f fe ren t  combinations of 
propellant and surface preparation were reported. The straight. 
l ines  f i t t e d  t o  these data  have slopes of -1.1 t o  -1.6, which 
according t o  the hypergolic theory suggests an ovcrrrll f rac t iona l  
order reaction. Shannon's data  f o r  CTPB-JV propellant are 
presented in Figure 8. 
McAlevy u t i l i zed  an oxygen f i l l e d  shock tube and obtained 
igni t ion data  for solid propellant fue ls  and polymers i n  an end 
mounted sample configuration. lhcse data  were correlated by graphs 
of log igni t ion tinre versus log oxygen weight fraction. Converted 
t o  absolute oxygen concentrations, data for a polystyrene fuel and 
a polyszvrene-AP propellant are a l so  presented in  Figure 8.  The 
slope of the  lines f i t t i n g  the  polystyrene i s  approximately -2 .1 .  
Summary 'and Coraents 
There nas been much controversy between invest igators  over the 
nature +f tb.e rate control l ing process i n  so l id  propellant igni t ion.  
TAc controll ing heat generation must come from a heterogeneous rcact- 
ion if one adopts the folTowing def in i t ion  due t o  Levenspiel (39). 
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Figure 8 Ignition time V I .  Oxygen Concentration 
for Fnd Wall Supler in Shock lbbes 
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.4 reaction is hettrogoneaus i f  
it requires t h e  presencc- of a t  
' ;ast two phases t u  proceed a t  
:he rate tha t  it does. I t  i s  
immaterial whether the reaction 
takes place i n  one, mo, o r  more 
phases, o r  a t  an in te r face ,  o r  
whether the reactants and pro- 
ducts a r e  dis t r ibuted among the 
phases or  a l l  contained within 
a s ing le  phase. 
S t i l l ,  with t h i s  def in i t ion  i n  mind. the question a r i s e s  
regarding the  location of the  principal source of exothermic reaction. 
It is evident from the preceding review tha t  tha location of thesc 
reactiorx is a s t rong function of i3.* expe*-%tenr, i,e. ign i t ion  stimulus, 
applied heat f lux,  external oxidizing gases, c- 
Although it is generally accepted tha t  t h e  more react ive 
oxidizers i gn i t e  sol id 'pmpel larr ts  and so l id  fuels  v ia  a surface 
reaction, the existence of surface ign i t ion  reactions between oxygen 
D d  polymeric fuels  a t  temperatures within the lower portion of 
t!ie temperature range €or ammonium perchlorate decomposition 
(260-329OC) has rot  been demonstrated. l'he next sect ion o f  t h i s  
report describes the approach employed i n  t h i s  invest igat ion of 
such rcactions . 
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KE?HoD OF INVESTIGATIOti 
General 
The experimmtal i nves t iga t ims  nay be conveniently separated 
i n t r  two parts:  (1) the  experimental determination of ignizion time 
as a function of the type of polynwr, oxidizm sp tc ies ,  i n i t i a l  
temperature, initia!. prescure, and oxidizer concentration; and 
(2) the  experilnental determination of the pyrolysis products of three 
d i f fe ren t  polymers at temperatures equivalent t o  those a t  which 
isnitior? bas obtained. The igni t ion experiments were con6ucted i n  
a t e s t  apparatus especial ly  designed fo r  t h i s  purpose, and the  
pyr?lvsis product experiments were performed u t i l i z i n g  a time-of- 
f l i g h t  %ass spectrometer (TOFI-IS) . 
Ignition Experiments 
Desip C r i t e r i L  
The igni t ion test apparatus ( for  ccnwnicncc hcrcaftt ' r  refcrred 
t o  as ITA) uas de:'gned t o  provide for  "instantaneous" exposure of a 
polyner or prcpellant s a q l e  t o  a gaseous oxidizing environment 
and permit t e s t ing  up t o  pressures of twenty atmospheres and up 
t o  tempcratures of 26OoC. The aforementioned value of pressure 
was chosen because previous experimental data  have shown 
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t hz t  the i p i t i a n  delay betcrincs i n s m s i t i v e  t c  pressurc c h m ~ c s  
above .&out twenty ?tmcspiwres. 
r e s t r i c t ed  t c  260°C bccnuse of the physic21 l imitat ions 2f o-r ins  
sea l s .  
The 3esic.n tcnperature wi?s 
Ignition Test ; \?pratus  
?he igni t ion ti'st q p a r a t u s ,  ITA, described here is  
siriilar t o  tha t  u t i l i zed  i n  the hyper!olic i p i t i o n  inves t iga t ims  
of Nillsr ( lS) ,  i n  t hz t  a pneunntic cylinder uas employed t o  
t r  -tsfer the sample cf  polymer cr propellant i n t a  the  zxidizinf 
environment. 
i s  rapidly t ransferred from m i ne r t  envirmment i n t o  the  
oxidizing environment by shearing 3 burst  diaphrasm which sepzrates two 
environmental c h d e r s .  
i l l u s t r a t i n g  311 of t h e  msjm ccmponents. 
f ive  ;nteerated sub-svstems: (1) thc pressure vessel  assembly, 
(2 )  the thermal control zyztsm, (3) the  pressurG control system, 
(4) the  kinematic system and, (5) t h e  instrumentation system. 
Each of these sub-systems is described i n  Appendix B.  
Tine s-aple i s  mounted on the  er.d cf 3 shs f t  'and 
F i p r e  9 i s  a photocrzph of the ITA 
The ITA i s  compased o f .  
I?re sample chmber 3sscmbly consis ts  of two chambers 
which 3re joined toeether  K i t h  9 quick detachable Y-clamp: 
inert  chamber for  sample conditioning and an oxidizer chnmber 
containins thc react ive css spccies.  
chambers nre separated by e i t h e r  one 3r t ko  metal f o i l  burst  dia- 
phrqms. 
an 
The ~ a s e s  i n  the two 
me pressure i n  the chmbcrs m y  bc- v a r i e d  cvcr the 

range o w  t o  tventy atmosphers,  and the temperatures of t h e  inert tnd 
react ive environments may bc independently varied over the ra.ige from 
room t e q c r a t u r e  t o  26OoC. 
The sample of polymer o r  propellant i s  mounted in a sample holder 
which i n  turn is cttachec! t o  the  end of t h e  sample s?,aft. 
rod of a pneumatic cylinder is connected t3 the o ther  end of t h i s  sam- 
The piston 
p l e  shaf:. Reiease of the  pistcn rod by a t r i gge r  mechanism acceler- 
ates the sample shaf t  and t ransfer?  :e s i q l c  from thc  i n e r t  chamber 
through the diaphragn 2nd in to  the oxidizing chaTkier. A shock 
a5sorber decelerates the moving pa r t s  and the sample holder comes t o  
rest i n  the react ive chamber against  a small annular cylinder lyhich 
is mounted on the oxidizer chamber e?d flange. The volume of oxi- 
d i z e r  gas e n c l c x d  by the sample holde . inner surface of the  annular 
cylinder,  cnc! wall of the cnd flange is 8 cm . 3 A pyrex o r  quartz win- 
dow i s  mounted i n  the center of the end fiange permitting observation 
of thc s a q u e  from thc time it cntcrs  the  oxidizing chamber. 
Ignit ion times are recordc-d on an oscillograph and are aeasured 
f,om thc  time thc sample is  exposed to  oxidizing gas amnril an output 
signal i s  obtained by 9 photodetector. 
were u t i l i zed ,  2 phctodiodc \<hich i s  scns i t ivc  in  the v i s ib l e  and 
Two types of photodetectors 
near infrered spectrun and an ioniziat ion detector  sens i t ive  in  the  
u l t rav io le t  spectrum. Igni t ion s ignals  wcr: detected a t  the same 
times u i t h  both dcviccs. 
A description of the expcrimcntal procedures ernploycd fo r  bcth 
the uxygw ant' chlorinc iyni t ion tes ts  is prcseiited i n  Appendix C.  
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Sample Preparation 
'ihree types of polymers were u t i l i zed :  pclybutadiene 
acryl ic  acid (PBAA) , carboxy terainated pclybutadiene (CTt'B) , 
and Dolystyrene ( P S ) .  A t  room tempeiaturrx the P B U  and T B  
polymers are  ra ther  53ft a d  rkibery while the P S  p c l p r  is  
hard and b r i t t l e .  Samples ~i the rubbery polymers were p n -  
pared by cut t ing small cylinders from a 3/4 inch thick slab cf the 
polymer gum stock using a modified c\:rk boier.  These cylinders 
were then trinnned ts the s h q e  cf a r igh t  t r u n c a t ~ d  cone o f t h e  
~ r e c t  size by employing 2 special  j i g .  .?rl industr ia?  s ing le  
edged r a z x  blade (withaut a polymer coating) wqs u t i l i zad  for  the 
l a t t e r  trimiiq process. 
i cd  in to  the truncate3 con? shape. 
Tine P S  samples were rnachiwd from s o l i d  
F i g u r e  10 is  a sketch of the  sample hozder assembly. The 
retaining czp (see Figure 10) is at t lched t o  the shaf t  end piece 
with a two pin bayonet type arrangement s imi la r  to ;hat u e d  f o r  
thf bases of dn izc t a re  ' e lec t r ic  &ps, After being assembled i n  
1:nc s m l e  holder, the projecting surface of the d b e r y  samples 
w a s  t r i m d  xith a razor blade t o  assure a clean surface.  In the 
case c f  the PS s q l e  a r inse  with absolute Fthabicl and thoruugk 
drying w a s  substi tuzed f o r  the surface t r i m i n k  Drocedne. 
Mass Spectra ~i Polymers 
Mass spectra of t % L  iy ro lys i s  products cf the three polymer 
saqles were obtained under heating conditions s i m i l z r  to  those 
1 
i 
i 
er,countcred by the pSyraer simples in the 'ITA. A k n d i x  Wic1 
12-10? time-of-flight sass spectrcmeter am util ized to %merate 
Pyrctysis products in cquilibrius with mc atlPusp)cct-rz e€ 
c 
7* 
f 
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(1) 
(2) 
(3) 
Before start ing the heating cycle (scans 5 and 6) .  
During hczting et about 150°C !scans 7 and 5). 
Upon ki S* reaching 26OoC (scans 9 and 10). 
(4) After eight ninrstes at a temperature of about 260*C 
(scans 11 and 12) . 
(5) Just after recording the above spectrua, the sample of 
polymer w a s  disturbed by pushing the s-le with the 
1/8 in  diameter rod, thus exposing a fresh surface 
i n  the case of the mltcn CTPB and PS saqp26s. 
yere then recorded inmediately [scans 13 and 141. 
Spectre 
(6 )  Five minutes after the  disturbance of the saopk 
(scans 15 md IC). 
( 3 )  Ten minutes after the distu&ance of the solgle 
(scans 17 and 18). 
phe results of both the ignition experirenu and the sass 
specfroeetcr axperiaontr are prese~sted i n  the next sectiar; of this 
teprt. 
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! g i t i c n  Experiments -
General 
Ignition experiments wrc ccnducted with two types cf pclymer 
saspler, a carboxy terminated polybutadienc (CTPB) a td  B 
polybutadiene rrcvlic acid (PB. ' ) .  
were condueea with polystyrene (PS) i n  cxygen for purposes cf 
In addition a few experiments 
coaparism w i t h  other i p i t i o n  data. 
the  pj ' w r s  is prerer ted i n  Appendix D. 
Detailed infamat ion  about 
(\5 with othcr hypergolic igni t ion data ,  these data  are 
prerer.tcd as i cp i t ion  time, t , versus i n i t i a l  cx id i r e r  con- 
contration, Cox- 0 Chlorine and oxygen -:?re 'used as oxidizers.  
Igni t ion i n  Orygc*. 
ClTB P o l p r .  - Sixty-two i g r i t i r n  e x p e r b n t r  were con<iucted 
r i t h  the CTPB p c i p r .  Fifteen these experiments were con- 
sidered invalid with respect *-- i p i t i o n  tire measurelent because 
of various experimn,ai d i f f i c b l t i e s .  
experisents,  i w i t i o n  nas obtained i n  twenty-frve instances. 
Seventeen of these ignitims occurrcd under h y p e r p l i c  c w d i t i m s .  
Of the  reaainine forty-seven 
- ..q i , v i t i a n s  occurring under non-hypergolic conditions are nor 
-c e here but a re  preceated in the tabulr ted data ,  Appendix G. 
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No i g i t i o n s  of t h e  C r P B  polyaes were obt8incd at temperatures 
l w e r  than 260 C or a t  oxygen cmcentrat ions lower than C . S  x 10 
3 -3  
3 
2/- . 
A t  26OoC the  CTPB plymr becaae a thick viscous l iqu id  and 
i n  oxperirrents having nitrogen in the  i n e r t  chamber it was noted 
tha t  the molten polymer w a s  enclose8 by B t h in  f l ex ib l e  so l id  
enut or  akin &tot heating. 
be caused by diffusion cf nitrogerc i n t c  t he  polysrcr and subsequent 
chemical react ion.  Heliux wscs investigated as an alternate gas 
far heating o f  tho propel lant  sslplc i n  the inert & d e r .  When 
h e l i w  w a s  u t i l i z e d ,  nr crust cr skin k-5 apTarent an the 
. 
This c rus t  or skin v u  beiieved t o  
polymer surface r f t e r  the  hcatinq cycle. SCJ i w i t i o n s  bere 
obtain& k i t h  c i t n s : ; n u p l q e d  zs thc  ine r t  p a s ;  hawever, t he  
mst s e w =  i n i t i z i  t i s t  :.:nditi;ns were IdC.'L' a t  f i v c  a m s p h e r e s  
pressure. ?.l! ieniticq t e s t s  subsequt-nt t c  t h c  s31uticn of the 
polyrer crust pwblea wert porf\:rmcd with hal im i n  tho rnwt 
chamber. 
It  w a s  also observed tha t  i g i t i o n  o t  the C V B  ranpier 
did n9t occur unless the molten raaple was subs tan t ia l ly  de foned  
and a "fresh *I surface c f  the polywr  w a s  exposed t o  t he  oxygen. 
Ir 
The term "frtih" surface is used here t o  describe a 
iura  ,e having no rrdmrbed molecules. 
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The significance of the  surface condition will be discussed l a t e r .  
The resu l t s  of those expsriments i n  which igni t ion occured under 
0 hypergolic conditions a t  a temperature of approximately 260 C are 
presented i n  Figure 12. 
data  is rather large. 
due t o  small temperature var ia t ions the  i n i t i a l  conditions. For 
the majority of the  data,  the i n e r t  a i  n i c t a n t  &&en of the  
test apparatus were heated t o  260 C from mom teaperature i n  about 
forty minutes. Since the -:ate of temperature rise i n  the  last  few 
minutes w a s  less than SoC/soin, it was believed t h a t  the  surface of the  
polyarer w a s  i n  subs tan t ia l  thsrmal equilibrium with the  helium gas a t  
least within the accuracy of t h e  temperature measuraent (about 3OC). 
To check t h i s  condition of thermal equili'-rium, additional experiments 
were performed i n  which the temperature of the  i n e r t  chasber w a s  held 
constant a t  the prescribed test  t e p e r a t u r e  f o r  a minimum of eight 
minutes before exposing the sample to  the oxygen. 
these  heating conditions w i l l  be described as slaw and those for the 
majority of the  data points w i l l  be described as norma!. 
obtained with thc  slaw. hzating cond;tions are repeated in Figure 13. 
may bc obssrved t h a t  the s c a t t e r  of thc  data is reduced canriderably 
under thesc conditions. 
As w i l l  be  noted, the  s c a t t c r  i n  t h e  experisental  
The r a j o r  par t  of t h i s  s c a t t e r  is believed t o  be 
0 
For future convenience 
'Ihe data  
I t  
Figure 14 presents t t w  averaged values of the  ign i t ion  tines f o r  
the slw heating data as a €uiji'-tion of oxygen concentration. 
Ignition time averaging is a comon pmczdurr employed t o  
reduce t h e  Acatter of data  and makc thc trend of the data nure apparent 
(6.2:)  . 
S S Oxygen Concantrrtio~ (g/ca x 10 ) 
Figura 12 Itypargolic Ignit ion Data for CTPb Po:yrar 
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7 10 20 40 60 
Oxygen Conce::vation (g/cm 3 x 10 3 ) 
Figwe 13 Ilypergo1ic Ignition Uatr for CTPB 
Polymer (Slow Ileatin8 Data) 
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Figure 14 tlypcrzo1Ic Ignition Data for CTPR 
?olymer (Averaped Slow ICcatinc Datal  
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'Ihese averaged Iats now appear mre cc. eiir+F?nt. 
l ea s t  squares f i t  of thc or ig ina l  data  is t* = C.i46(CiA) 
Because of the few datum points and the large s c a t t e r  c)' these data, 
not much importancc should be attached to thc ilumrica: vslue ~f thc 
slope i n  the least squares f i t .  R e  i m r t a n t  fea ture  is t>.at the 
date  e&ibit a low f rac t iona l  order d;pen.ienc+ of oxidizer  concen- 
t r a t iop  on ign i t ion  ti=. 
The equatioh of t h e  
-0.05 
PFPA Polymer. Fifteen ign i t ion  tests were condi-ctcd with thc 
PBAA polyrz-r i n  wxygen environm its. Four of thesL tests were 
ifivalid because of equipuent ob instrumentation d t f f i c u l t i e s .  
ip..ition data  points were obtained under h y p r g q l i c  . mditions at 
temperatures cf 260 C and i n  the  pressure range 
atmspheres . 
mixtures a t  260 C and twenty atmospheres total pressure; thr?e oE 
these at  oxygen m l e ' f r a c t i o n s  of 0.5 and one at 0.75. 
were obtainea i n  any of these riuxed gas experiments. 
m s  conducted at cwenty atmospheres and a t  a temperature clf 321OC. 
lhe ign i t ion  time for :his test w a s  0.014 se:. 
t he  PBAA polywr remained a sol.3 for a l l  i n i t i a i  test  conditions. 
ci:. 
0 t o  t w * % t y  
Four experiments were conducted w i t ' .  ox? gea-h.?liuia 
e 
hb i@it?.ms 
Onc expericent 
I t  was obsewed tkat 
Figcre 15 presents a l l  o f  the  i.gnaition data c t ramed under slow 
heating cmdj t ions  €ex thc r3M. p o l p e r  in oxygen. 
averaging the i g  . i t ion titoes at  fixed coccentrztions r e s u l t s  i n  thre? 
paints  which clc,z?ly f i t  a s+raigh? h;rmvcr, the  l i n e  dra-n i n  
Figure 1S i s  a . e a s t  squar. 5 f i t  t o  the 3 C 3 1 ; l l  data. The que t io r ,  d f t k  
For til2 2OOo, data ,  
.. 
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lo 3 5 7 10 20 40 
3 3 Oxygen Concentration (#/em x 10 ) 
Fi~ure 13 tlypergolic Ignition Data 
for P M A  Polymer 
line is t = 0.159 co*04. As i n  the  case o f  the 
palymer, the sc3 t t e r  in the P B g  d3t3 reduces t he  confidence i n  
the value cE the s l a p .  Main the  iqottant feature 
is the low f r a c t i a r a l  cider of t!te dependence of oxidizer 
tancentration M the i g n i t i m  tie. 
blystyrene Pdpcr. (Inly f ive  ign i t ion  experiments were 
conCucted w i t h  p o l y s t p n e  polymer, fcur -der hypeqolfc c d t i o n s .  
.'ill of these experiits were petfcrrrpd within the  terperature range 
236'C to 260°C and uithin the pressure in te rva l  of fiftee. to  
m t y  atmsyheres. the pelper -It& into z viscow liquid 
in all  of U s e  expcrfaents. Che experireat w a s  perfdnrd at  
fifteen atrosphems  an^ ZW*C t o  approxirate the conditions of 
W e v y ,  et at (E). 
?he fous other cxper iwnts  yere conducted at twenty atmaspheres 
and 260OC. 
No i s i t i o n  w a s  chtained under these caadi t iont .  
lbo of thcse tests were inva l id  &e t o  the burst 
diaphragn s t idc ine  to the w l t e n  polymer and preventing oxygen 
from reaching the sample surface. 
reraining tests igni t ion was obtained. 
w a s  greater  than 18.1 seconds [the time at Wt...ich the  k o l r d i n c  
oscilicgraph w 3 s  automatically turned off)  md less thm about 
four to f ive  minutes (the claspsed time before the  sample 
w a s  observed during the Jisasselnbly of the ign i t ion  apparatus). 
However, in one of the two 
The igni t ion  time 
'fhe sample of polystyrene which was ignited w a s  examined 
closely.  The combwtim a t  the s q l e  surface had occured cnly 
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in a region of the  surface which had been deformed during 
Lcelention to  expose a frcsh surfcce. 
s q l e  surface t h a t  were not fmzsh uere not b.imed. 
two views of t h i s  polyrer sample. 
Adjacent areas of the  
Figure 16 shaws 
Ignition Tes ts  with Chlorine: 
CKPB Polymer. Five experiaents uere pcrfosmed with chlorine 
oxidizer and ClPB polymer up t o  telperatures of 316'C urd pressures 
of 10-2 atospheres. 
photodiode (visible spectrum) in m v  cxperimt. 
m t  severe test conditions insFctiar! of the saple after th2 test 
indicated that xeaction had occurred. lhe s a q l e  had been converted 
t o  a thick carbonaceous ash so a depth of about --half of the 
sample thichess. 
In addition, ;our tests yere c4nducted with mS-ammiu~ 
No ignit ion signal w a s  recorded frm the 
HQYever, a t  the 
perchlorate propellant under less sew= conditions but no ignition 
was detected. me detailed conditions of these tests are listed 
hi the tabulated data, Appendix 6. 
PBAA Polyaer. Fmr ignition tests were conducted wi th  the 
PBM polymer i n  a chlorine environsent up t o  teqeratures of XOOC 
md up t o  ten atmispheres pressure. 
ultraviolet detector p r e v % w l y  described w a s  utilized i n  addition 
to the photodiode detectcr. 
detector is presented on page 74. 
i n  any of these experhents. 
invalid for the measurement of ignition time because the polymer 
For these experiments the 
The reason for the me of the W 
No ignit ion signals were recorded 
Gne of the ruur experiment t w a s  
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sampis was expelled f ~ o n  the sannpie holder during the deceleration 
process and €e13 to  Phs hot hottom of the reactive c6romber. 
Upon disassembiy of the ignitiola apparatcs the sample had been 
almost completely converted to  carbon ash and there was Eiuf€y 
cs3xbon soot deposited on a l l  horizontal surfaces h t h i n  the oxidizer 
chamber. 
It may be  recalled that each set 6f s L . ~  i'a cotisisp of 
two scans, one at low sensitivity and one at high sensitivity. 
relativk abundances of th& ions icere calculated 01% a uni€orm 
basis fzom the two scans., setring the helium peak ( d e  = 4) to 
100%. 
The 
. .  
The net polymtir spectra were -obtained by subisacting the 
low and high temperature background 5pectra from the total polymer 
spectra at low iind high temperatures respectively. In same 
cases t h e  a i r  spectrum irtueased under high temperature conditions 
due to a temperature sensit ive leak in a tubing connection. 
these cases subtrncticm of the air background spectrum was 
adjusted t o  compensate for its increase in  tile total  spectrum. 
In 
Relative abundances were recorded to three significant figures 
except for those less than 1%, tctliich were recorded to two significant 
figures. 
but it i s  believed bet te r  t o  report i t s  estimated value rather than 
The value of tht: i as t  significant d i g i t  is qvdstlonable, 
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omit it, ilefiativa abundances less than 0.2% are not reported due to 
the errors associated with measuring tiic small dcf Lecthons of these' 
peaks 
The 
with the 
tabclated nnss 
heating Curves 
spectrs are 
for each of 
presented in Appendix H almg 
the polymer samples. The heat- 
ing curves are harked indicating the t i m e  intervals during which the 
spectra were recnrded. 
i . 
A t  room temperature the only detectable. specie i n  the net poly- 
mer spectra is a_tyace o f  acetone. Thfs.$s attributcd t o  residue 
l e h  €rom leak checking the wacuum system-with acetone. . A t  high' 
temperatures -small peaks tcrefe Wectcd at ~ m/e up td  146. The 
relafive abmdmce of m y  of these .peaks did not excied 0.68.  
tr, the complexity of the spectra, . .  species identification was .not 
- . . . ~  ._ , 
A .-
. -  - -  . 
Due 
possible. 
ssrf%ce of the polymer was disturbed. A high estimate of the mol6 
percent of polymer pyrolysis produces in  the most intense spectrum 
The most intense spectrum was observed just after the 
- 
may be made by assuming that. each peak is a parent: ion peak having 
a relative abundance of 100%. If  t h i s  is done and the mole percent 
of pyrolysis products is  computed by the subtractim technique 
(Rcfcrenco (10, p.  223)', the result is  a mole percent of less than 
4%. 
Thus for the CTPS polymer there is  negligible pyrolysis upl to tem- 
peratures of 27Y°C, 
This estimate is probably at least an ordcr of magnitude high. 
L 
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PBCA .~ Polymer 
A t  room teinperature,. the largest peak i n  the DBM mass spectrum 
is m/e = $8. A l l  other 
peaks-. have I relative &ndankes. lesa .than 0.30 indicat ing :negligible' . 
- 
This peak has a r e l a t i v e  abFdance of f , 2 % ,  
vapor pressure st room temperature. The mass spectrum which was 
03tained during heating a t  about lSO0C indicated t h e  presonce of 
about-17% ef a v o l a t i l e  specie.  atis specie has been ten ta t ive ly  
identified 3 s  hehzyl chloride from unces-Lifiad mass spectra  (41). 
rF* l n i s  - volatilk specie was undetectible i n  a l l  subsequent PBAA spectra  
.. ; .. 
. -  
record& at !zso~oc!. : 
A t  260% the PBAA spectra  were tco complicated for quant i ta t ive 
OT qua l i t a t ive  analysis.  
the PBAA than for  "he CTP" polymer. 
were m/e = S8 and m/e = 41 having a r e l a t i v e  abundance of  abcut 6.2% 
and 5.5% respectively.  The results of a mass spectroscopic analysis 
by Madorsky (28) of pur i f ied  polybutadiene pyrolysis prodtlcts at 
32SbC yieldec2- a complex mixture of s ixteen types of hydrocarbons. 
the  case of the PBAA polymer, nc. increase i n  t h e  spectrum was 
The peaks were s igni f icant ly  higher for 
The highest pjrrolysis peaks 
- 
In 
,obser~e;h a€ter disturbance of the polymer sample. 
expected- because the- PBAA does not melt a t  26OoC. 
%-is might be  
PS Polymer 
A t  room temperature no pyrolysis species were detected From Chc 
polymer spectra; however, stysene monomer was present f o r  a l l  spec- 
t r a  obtained a t  higher temperatures. Styrene was the pr incipal  
pyrolysis product although there is an indicat ion of a contribution 
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i n  tho spectrg due t o  toluene. 
the r e s u l t s  of _?!kclorsky (28) who reports 52.7 veizht percent styrene,  
These findings are i n  agreement with 
5.5 weight percent toluene, and 35.2 weight percent of  heavier molec- 
ular weight species (m/e > 200) at  a temperature a t  SOO°C. The prin-  
cipal styrene peak fm/e = 104) increases from a r e l a t ive  aburidance 
of -2 .7% a t  about'160'C t o - a  relative abundsnce sf 15% a t  about 27OoC, 
No s igni f icant  increase i r n  the  styrene peak, was detected-  after ,the 
'sample was disturbed, Considering styrene as the  only pyrolysis 
prbduct, the  mole percent of vapor may be estimated by Che aforemen- 
tloned subtraction techniqite at less than 14%. A t  twenty atmospheres 
t h i s  mole percent would be 0.7%. 
fue l  present under t h e  conditions 
about 0.7%, a negl igible  amount-,. 
. .  
The maximum i n i t i a l  mole percent of 
of .  PS ign i t ion  i s  estimated t o  be 
Asso, the  ma>ss spectra  indicate  
t h a t  polystyrene had the  highest  vapor spectra  of the throe polymers 
examined 
Summary 
The experimental results may be summarized as follows. 
(a) Hypergolic igni t ion of the th ree  polymers was demonstrated 
at temperatures of 26OoC and oxygen pTessures of twenty atmospheres. 
(b) No igniti0n.s were obtained a t  temperatures l e s s  than 
about 260°C and a t  oxygen concentrations l e s s  than about 6.5 x 
3 
g/cm 
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- .  . - . .  .-_ . 
(.c) Two polymers, CTPB and PS were molteE'at a l l  i n i t i a l  
t&t condi$iJns f o r  %hi& igni t ions were obtained. 
was a' sol.id h d e s  a l l  in i t ia l  .test conditions. 
Tha PBM' polymer. 
. .  . _  
fd] The ignition time. exhibi ts  8 IGW order dependence on ;  -:- . 
..- - 
oxygLafi concentration far t he  CTPB and PBAA piilymers. -The 
.dependence cif i en i t ipn  time upon oxy2 
mined ~ O T  the  PS'polyier. 
concentration was undeter- . -  
.> ._ -7x 
i- 
~ -. 
( e >  The initial tempera&re of the. reactant's h a s a  s p o r q  ef$ec% 
- -  
,. 
. .  
of the ign i t ion  time,.. . 
. .  
(f) Th? data  -exhibiked much &s s&ttex undei t h e  slow -: 
- . ,<- .I_ 
. .  . .  
. .  
.. - -  heat ing conditions {eight .minutes at: 260°C p r i o r _ t o  test,)tI& . .  . .  .   - -  - .,
under the  no,rmal heating conditions - -  
.. . .  
No iqni t ions  were .obtained . -4  with^ t he  CTPB and thiz PS pof;)imers : 
f resh - surface pias exposed. ' . . .  . .  
. -  . .  
Under si&- ?ie,o..+ing conditions no ignitims were obtained---' 
with heliuq-oxygen mixtures for e i t h e r  $he PBM o r  the CTPE polymer. . -  : .  - 
Oxygea mol& fract ions of 0,5- 'md a ' t o ta l  pressure -df t~wenty, 
' 
. -  
atmospheres were u t i l i zed  f o r  the  mixed gas tests o f  tile f'VB . 
' 
0 -  - 
polymer. The test temperature was 260 C i n  each instance. Oxygen 
mole f ract ions up t o  0.75 were u t i l i zed  f o r  the mixed gas t e s t s  
of the PBAA polymer a i  twenty atmosphefes a id  26OoC, 
. .  
.. 
(iT- Und-?-&.~~ncrrml heating conditions (no eight  minute wait 
L 
at 260°C)two igni t ions were obtained with the CTPB polymer a t -  i n  
oxygen mole fract ion c~ O.S, t o t a l  pressure of twenty atmospheres, 
and tomperature of- 26OoC. 
L 
. -  . .  
s 
. .  
> '  
- 
(jj $40 igni-tions of e i t h e r  the CTPL o r  t h  PBAA polymers 
were recorded with chlorine gas as  the  oxidizer.  Hovever, there  
r -  
- .  . .  
' - . . .  evidence <sf a combustion reaction i n  two. t e s t s .  The most 
j . ,  
' seve-re i n i t i a l  conditions were ten  aEmokpheres pressure and -26OoC, 
I 1  
.. 
(k)'  Mass spectra  . .  r e s u l t s  iradicated t h a t  the  three pofymers 
may be ranked i n  the following order-of  decreasing volatility; 
PS, PBAA, and CTPB. -Furihermore t h e  maximum po.ssible eqiiilibrium '- 
vapor pressure -at any ignitiok. conaditions -may be esiimated at 
_. . -. . I.  
. . , .  
. less than 2%. 
C 
. -  
. .  
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here the subscript i inriitatcs reackmts and the subscript j indicates 
products, and 
-l 
cheiaical heating rate, cal/cm&-sec 
2 mlzr reaction rate, mle hel/cm -see 
ace-ssible s i ~ h  respect to ctiFf-usion and that thc reaction at the surface 
is first order with rcspe~t  to oxidizer concentration, m w y  be written 
. k 3  
t<i1crt. 
k 
5 = oxidizer concentration, moles fuel/cr;l 
= diffusion vcl  ,ci ty constant, cm/sw 
- Nu D - 
x 
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where h3J = diffusional Sussc-it number, dimensionloss 
2 D = diffusivity of t h ~  oxidizcr, cm /scc 
* 
x = charactarstic dinimsion of system, cn, 
Tie chemical heating ratc (Eqn 13 thus bccomes: 
f 
A t  low temperatures where k<c3 (kinetically controlled region; qchem 
will. cxhibit an oxponwtial temperature dependGIice due t o  k; at 
high teqm%turcs where k>>3 (diff*wionaily controlled region) the 
tenperature &pendenw of 9chz-n is givcn by the diffusivity.  
high temperatures t110 diffusivity of gases increases roughly as the 
1.65 power of  the absolute temperature (44, p. Sli). The shape of 
t h e  q chem 
Figure 17. 
A t  
. 
curve as a Finction of the surface teniperature is  depicted in 
Assuming that the products o f  the 1-action do not participate i n  
thc heat transfer, $kllor (42) wrote 
where 
2 9 = rate cf hcat loss, callcin -sec 
x = IhcmnaI conductivity 05 thc fuel (subscript f) 
3T 
3X = tt'nipcrature gradient waluatcd at the interface x=Q, 
loss 
o r  tho oxidizcr gas ( g ) ,  calbcm-sec-OR 
-
* 
In the semi-infinite: rriodcl considcrcd hwc,  thcsc is no 
charactcristic dimension; howCvw, ant. may bc  sclected for an actual 
physical. configuration . 
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J 
J 
I 
1 
i 
i !  
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+ either into the fuel x = 0 OF into the oxidizer x := 0- 
E = sur€ace enissivity, dimensionless 
= Gfhctive radiation teqeiature of the environ- 
w n t ,  QK. TS 
csrve is  also depicted i n  F i g u r e  17. 
In general there K i l l  be  three intersections of the q 
loss Thz shape of tk q 
loss 
curvz. Ihe teaperatures correspmding to &em curwe w i t h  the q 
these intersections are rcferred to as the oxidation temperature, 
* 
and *.e flat? ' TSpigls the sponzaneo-as igiitiw teiqerature %xid' 
temperature, Tf. 
arc stable, in the sense that a positive teaperaturn perturbation 
w i l l  not resu l t - in  self heating to a higher temperature. This is  
The intersections w h i c h  occur az T oxid Tf 
represented wtheiW2cally by the condition 
k%wever, the remaining intersection at the spontaneous ignition 
teqerature is unstable and 
* 
The spontaneous ignition temperature is the lowest temperature 
€ m m  which the inzeerface may self-heat to combustion conditions. 
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, 
Considering the e f f ec t  of the products of the reaction on the 
Ireat t ransfer ,  there will be an additional. heat loss  term due t i z  the  
inass dif€usion of the products i n t o  the  gas phiise, kiowe;rcr, t h i s  
heat  loss term ivilI be counteracted by a redtnaA.on i n  the heat  
conduction ho the  gas phase, the  gas phase'becoming ho t t e r  due t o  
the  sRass dif€usion of the hot products, While the  ilet r e su l t  
may e i t h e r  increase o r  decrease q tlrc Inera? shape of the  loss ' 
wrve will not be chanTed. 
'IlOSS 
From the  above analysis  it is evident that the i n i t i a l  
temperature of the reactants  m w t  be greslcr than T for hypergolic spign - 
ign i t ions  to occur: I t  may be observed in tu i t i ve ly  that small changes 
in temperaturc i n  the rasge jus t  gma te r  than T 
large changes i n  t h c  ign i t ion  time, s ince the i n i t i a l  n e t  heating 
rate controls  the induction time, 
will result i n  
SPi@ 
* 
For those experiments i n  which 
ign i t ion  did not occur, the chemical heating rate was insuf f ic ien t  
&de to e i t h e r  of the  following causes: 
insufE.ciens or (b) thc  concentration of the  reactants  at the 
1. 
(a] the  temperature w a s  
intarfacct was insuff ic ient .  
reduction of the  reactant  concentration a t  the  interface: 
adsorption of an i n e r t  gas, the  presence of absorbed gas i n  t he  
condensed phase, o r  poisoning of tho surface by a reaction product. 
Several fac tors  may contribute to  the 
competitive 
* 
Tile induction time is the portion of the overal l  i g n i t i o n  
time which elapscs before t h e  precipitous temperature rise occurs. 
For i n i t i a l  conditions near Tspign the induction time is a large 
f r x t i o n  of the  igni t ion time. 
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Postulatcd Reaction bkchanisms 
Rccall t ha t  the  CTPB polymer and t h c  PS polymer igni ted only 
if a ''fresh" surface was present, but thu PBAA polymer igni ted with 
a surface d i i ch  i n i t a l l y  was i n  equilibrium with the  heliwn gas. 
TIN surface condition dependence of ign i t ion  and the evidence of a 
low order dzpendence of ign i t ion  time on concentration scggest t ha t  
adsorption processes are important for these experimental conditions. 
For a heterogeneous react ion with chemical heating a t  the surface 
the following s teps  must occur in  series: 
reactants t o  the surface, (b) adsorption of the  reactants  on the surface,  
(c) react ion 3n the  surface,  (d) desorption of the  products Prom t h e  
surface, and (e) diffusion of products away from the  surface. The 
(a) diffusion of t P e  
overa l l  react ion ra te  will be controlled by the  slowest s t e p  of t h i s  
series. In the p e s e n t  case of  hypergolic ign i t ion  diffusion is not 
considered t o  be the  rate control l ing s t e p  because of  the r e l a t ive ly  
low temperatures inuo'lved. investigations of surface reactions have 
shown ellat f o r  ordinary temperatures, gas phase diffusion rates are 
much more rapid than the ovcra l l  rate, and therefore  diffusion does 
not cons t i tu te  t he  slow s t ep  (45). Because l i t t l e  is  known about 
the desorption of products from a surface, the desorption s t e p  w i l l  
be considered as a pa r t  of a surface react ion step which produces 
gas phase products. 
The following analysis will consider adsorption and reaction 
processes (steps b and c )  as the  possible rate control l ing s teps .  
66 
Consider t h e  following react ions t o  occur between an i n i t i a l l y  f resh  
polymer surface which is exposed t o  a given concentration of oxygen. 
4 I 
Adsorption of 02: 0 + -S 0 -S 2 B 2 1  
k2 Reaction: 02-i + Products (gas phase) 
(71 
where the notat ion O , - i  indicates  t h a t  the  O2 is  adsorbed a t  an ac t ive  
s i t e - o n  the  surface. 
smacth surface with no in te rac t ions  between adsorbed molecules, t he  
Langmuir assumption of a uniraaleculsr layer  of adsorbed molecules 
I 
For t h e  idea l  case of adsorption on a per fec t ly  
applies.  This i s  the  simplest case of adsorptian and w i l l  be 
assumed here because the  da ta  necessary €or the  appl icat ion of more 
complicated theor ies  are unavailable. 
Assume t h a t  the  react ion r a t e  is  f irst  or&r with respect t o  
the scrface concentration of -oxid izer .  Then 
where 
= rate of 0 adsorption on the  surface,  mole (Cox,s> 
d t  o 2 /crn2-se@ 
-1 = first order ra te  constailt, sec k2 
ox,s C = concentration of oxygen on the  surface,  moles O,/cm 2 . 
& 
Let C be the concentration of act ive sites on the surface, s 
2 sites/cm ; and l e t  Box be the f rac t ion  of these sites which are 
G7 
covered by 02, The fraction cf "Ire s-rrface vacant is  l - O o x  
and cox,s = cs OOX - (10) 
The r a t e  of adsorption i s  proportional t o  the product of the 
fraction of -the surface vacant and the oxygen concentration i n  the 
gas phase. The value of 
tion's to  t h e  rate o f  fozmation of 02-S I .. 
may be cbtaine? by applying equilibrium condi- 
t 
Thus 
* 
ox,s = o = k, (i-ao,) cs c:x - k2 cs eox 
d C  
clt & 
where C o  OX is the oxygen concentration i n  the gas phase. 
Solving Equation, (11) for OOXf 
k C  
q =-- 1 ox 
OX 
kl + k2 
Substit@Sng Equations (LO) and (12) i n to  the assumed reaction 
rate, Equation (9) 
os 
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where 
Defining the r a t i o  of the reaction r a t e s ,  K 
Irl 
k2 
K Z -  
and subst i tut ing K ir,ta Ecpation. (941, 
The quantity i n  5racket.s mft3 b'e recognixed as similar t o  the Langmuis 
adsorption isatherm for a single  .idsorbed molecule i f  oxidizer pres- 
sure  is subst i tuted for  Co 
the l imit ing behavior of Ecpation--(l6) as a function of the  oxygen 
concentration. 
reaction rate becomes 
(see Keferencz 45, p.  260). ConsiScer now 
OX 
A t  very low ccncentrations [i .e. ,  K Cgx << 1) the 
C r k2 I: CFX 
indicating a first order deF4ndence on oxidizer concentration. 
very high concentration (ti Co >> 1) the  reaction rate becomes 
A t  
OX . .  
indicating a zero order reaction. 
i n  Equation (16) i s  presented i n  Figure lba as a $uncticn of C 
The reactifin ra te  as expressed 
OX - 0 
+J 
nl 
E 
c 
0 
.z 
*, 
Q) 
2 Adsorption with Dissociat ion 
Simple Langmia Adsorption 
dBi I /  
pl
Oxhcli zer @neen‘rraation 
a. Reaction Rate vs. Oxidizer CsncenWafion 
Log Qaidireer Coneantration 
Pigum 18 Comparison cf the Effect of Oxidizer Concentration on Reaction 
Rate and Ignition Time for Different Adsorption Mechanisms 
73 
Red11 from the discussion of the hypergolic ignition thxv th3t 
-. 
the ignition ti= is inversely.@gyortionai to the square of the 
reaction rate. Util izing th i s  relationship, the ignition tiae 
as a-function of oxygen concentration is prpserttd ia Figure  18b. 
Two -otberadsorptf m isothens w i l l  now be cansidered. If 
adsorption occurs ~5th dissociation (as might be l*ely for 02) 
the reaction may be illrrstrated as 
If this isotherm is substituted for the bracketed quantity A 
Equation (161, the folhwing expression results. 
The low and high concentration limiting cases may be written 
and 
r = k2 
respectively. 
'if 
* The desoqtim imder consideration here is not the desorption 
of products. 
rium reaction for the net cl.dsorpci=in of iezctants. 
It is sather the reverse s t e ~  of the asswed equkfib- 
T h i s  predicts that the reaction rate gill be reduced w i ~ h   axed gases, 
73 
agreeing qualitatively i c i t l r  the observed e-werimntal data. 
the iog concentration 'iixits (i.e. K ox C" ox -? 5 $ << 1) Eguazion 
1301 beccws 
For 
concentration. T h i s  limiting &%e agrees qualitatively w i t h  the 
the i n i t i a l  conditions are 
f'resh surfzce us  aecessary-and it is postulated that d i f h s i o n  of 

76 
77 
presented i n  t he  l i t e r a t u r e  revizw are depicted i n  Figure 19 along 
with tho present r e su l t s .  
much d i f fe ren t  due t o  the difference i n  experimental conditions. 
Hermance 
presented the  following re la t ionship  f o r  t he  dimensionless time 
wariable, (see Reference 7, F. ~ 2 5 ) .  
As t o  be expected, the ign i t ion  times are 
i n  a dimensional analysis of hypergolic ign i t ion  has 
a 
s 
Q 
cco In 2 
OX 
z 
co ox 
n 
E 
x 
S 
R 
0 
T 
t 
2 = the  thermal d i f f u s i v i t y  of the  so l id ,  c m  /sec 
= heat release of chemical reaction, cal/g 
= reac t ion  rate coef f ic ien t  for  the assumed 
Arrhenius type reaction, g/cm2-sec 
= pre-exponential f ac to r  
= i n i t i a l  oxidiz,-i  concentration 
= overa l l  order of t h e  reaction with respect 
t o  oxidizer concentration, dimensionless 
= ac t iva t ion  energy, calfmole . 
= thermal conductivity of the  condensed phase, 
cal l  cm-sec-OK 
0 = universal gas cmstant,  cal/mole - K 
= bulk temperature of the oxidizer gas, 0 K 
= time, sec. 
3 
Oxygcn Conccntmt ion (g/cm ) 
Figure 19 Comparison of Hypergolic Ignition Rcsules with Shock 
Shack 'ruhc Ignition Data 
79 
For a spec i f i c  experiment ~ the  following fac tors  i n  Equation (33) 
may be considered approximatelv invari zt with respect t o  temperature 
and oxidizer concentration: os, Q a  Z,  A=; and R i s  a constant. Let - * 
the  dimensionless time, r assume the  valve T , 
time, t . It  i s  seasonable t o  assume t h a t  the  
ign i t ion  time, T , has a f ixed  numerical walue 
* 
* 
ign i t ion  conditions of a spec i f i c  oxidizer gas 
a t  the  real ign i t ion  
dimensionless 
€or a l l  hypergolic 
and condensed phase 
fuel i n  a manner similar to t he  dimensionless r e s u l t s  of t he  non- 
s ta t ionary  ign i t ion  theory of Semenov (42,4;f. 
ir 
Solving Equation (33) f o r  t , 
I n  order to select a value for t he  activation energy, E, the 
r a t i o  of t h e  ign i t ion  .times for two data  poin ts  was equated t o  the  
r a t i o  of r i g h t  hand s ide  of Equation (34) assuming t h a t  T 
. *  
is constant. 
where the  subscripts a a d  b indicate t h a t  times, temperatures and 
concentrations are evaluated from the  experimental da ta  of t e s t  a and 
b. The ~ K O  data points selected f o r  t h i s  calculation were obtained 
80 
for the  igni t ion of t he  PBkA polymer a t  temperatures of 26OoC and 
321OC and at C:x = 1.3 x g/cm . The value of the  act ivat ion 
energy required fo r  T 
a d  was found t o  b e - =  16 kcal/mole. 
3 
* 
t o  be constant was computed by Equation (35) 
This value of act ivat ion energy 
appears reasonable when compared ts the value of = 12 kcal/mole 
selected by Anderscn and Brown f o r  correlat ion of hypergolic ign i t ion  
of propellants i n  f luorine and chlorine t r i f l uo r ide  (34 , 3) . 
* ? 
In  order t o  check the hypothesis tha t  z is  a constant, T was 
computed for the data of FlcAlevy a d  Shannon which was presented 
earlier in Figure 8 ,  These calculations were Eade using the  bulk 
gas temperature behind the  re f lec ted  shock wave as To+ 
Equation (33) was not derived f o r  the case of external hea t  t ransfer ,  
i . e .  shock tube igni t ions,  T 
Even though 
* 
deviated less than 20% from i ts  mean 
value when compared f o r  a specified experimental apparatus, oxidizer 
gas and condensed phase fue l  or  propellant.  
the r a t i o  of concentration var ia t ions was about three t o  one and the 
temperature var ia t ion was about 14OoC. 
For the data  examined, 
Equation (35) may also be employed to  estimate the  i n i t i a l  test  
temperature which would be required i n  the  hypergolic experiments i n  
order t o  seduce t h e  igni t ion times t o  the  order of magnitude of the 
shock tube ign i t ion  times. 
assumed, the  ign i t ion  times are reduced by a fac tor  of one-sixtieth.  
The r e su l t s  of t h i s  calciilation a re  presented i n  Figure 20. 
i n  Pigure 20, shock tube igni t ions s t i l l  OCCUT more quickly even 
though the temperature of the gas a t  the surface of the  shock tube 
sample is only about 125OC. Such a d ispar i ty  between the igni t ion 
If a test  temperature of 36OoC is 
As observed 
. -  
N O  
1 p.- 
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times and the gas temperature a t  the surface of  t h s  sample is to be 
expected because o f  the efcec t  of  heat flux t o  the  sample surfsce 
i n  t he  shock tube  experiments. 
If the s t r a igh t  l i n e  data  corri-dlation is removed i r O m  the  
da ta  of Shannon and a smooth curie i s  f i t t e t  by eye, a change i n  
t h e  sfspe of the  curve is appareiir (see Figure 21). 
t he  shape of t h i s  curve is the  same qua l i t a t ive ly  as tha t  presented 
Furthemore, 
i n  Figme 18. 
is about - 1.5 at lou concentrations. 
t h e  value of the  slope f o r  the case o f  simple Lan,gm7uir adsorption 
and cke case o f  adsorption with d i ~ s o c i a t i o n .  The s lope of - X.5 
suggests a f r ac t iona l  order of  the  overa l l  reaction, a ~ d  imrlies 
that such a si.ri@e reaction aechanism is  only qualitatively COP 
The experimentally determined slope of t h i s  curve 
This value is midwzy between 
Get. 
between the prcsent hypergolic da ta  and the CTu-I'.Pc-.*.q shock t .~be  data 
. .  
.;/ regarding the dependence of ign i t ion  t i m e  0;. oxic$ize& &+reentxa- 
This- agreement suggests that the 
, ,  . -  
,~ 
t i o n  at  higher concentrations. 
controll ing reactions are of the  same typ,e for both experiments: O f  
the  ,twelve sets of i- i t ion data pmsented in Reference 27, t e n ' k t s  
exki.bit an increase in' s l o p  as the oxygen concentraeion agproaches 
its higtier limit. 
of an increase i n  slope was noted for oxygen concentrations greAter 
than IO-* g/cm , but the data  were erraac and were not reported. 
It is also seated by Shannon thaz some indication 
3 
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APPENDIX A 
MQIMENCLATURE 
Throughout t h i s  r q o r t ,  symbols a re  defined as they are used. 
The following symbols which occur more frequently are presented here 
i n  addition. 
Symbol 
C concentration, appropria t a  u n i t s  
D mass diffusivity, cm /sec 2 
E act ivat ion energy, kcal/mole 
Le Lewis  number, dimensionless 
4 heat f lux,  cal[cm -sec 
T Temperature, OK OX OC 
2 
t time, sec o r  millisec 
Greek Symbols 
a . thermal d i f fus iv i ty ,  cm /sec 
x 
2 
thermal canduc t i v i  ty  , cal/ cm- sec- OK 
Superscripts 
* ign i t ion  condition 
Abbreviations -
AB ammonium perchlorate 
CWB carboxy terminated polybutadiene 
93 
STA ignition test appar3tus 
m/e mass to charge ratio 
PBAA polybutadienc acrylic acid 
PS 
TOMS time-of-flight m a s s  spectmnwter 
po 1 y s tyrsnc . 
APFEN3IX B 
DESCRIPTION OF IGlriITION TEST "\PPAP&TUS 
General 
As mentioned eprlicr the f ive  subsystems of  t h e  i s i t i o n  test 
t? sketch of the ign i t ion  apparatus, (ITA) w i l l  be described here. 
tes t  chamber assembly is depicted i n  Figure 22. 
bly may be considered as the hear t  of the ITA, since sample condi- 
t ioning and exposure t o  the oxidizer  w c u r  there .  
The ch.mber zs5em- 
In the or ig ina l  dzsign, provision was made f o r  a cam-operated 
cu t t e r  t o  s l ice  a thin wafer from t h e  sample surface just after the  
sample entered the oxidizer chamber. Hcwr-;er, since such high temper- 
a tures  were required for igni t ion arid the  physical prcpert ies  of tne 
polyaers made them upsuitable f o r  cutt ing,  :li s feature  was abandoned 
when problems with operation of the cu t t e r  occurred. 
feature  of the ITA was a gas sampling system which would permit gas 
samples t o  be withdrawn from the mal. enclosnd volume near t h e  view- 
ir3 windon.. The objective here was t o  remove the  ,as sample a t  some 
predetermined f rac t ion  of the ign i t ion  time and analyze the reactant  
gases for  the mole f rac t ion  of fuel  present. 
u t i i i zed  due t o  the large experimental var ia t ion  in the  igni t ion tines. 
Another or ig ina l  
This feature  was not 
PTCSSUT~ Vessel Asscmblv 
Tht components of  the pressure vessel assembly include the ifiex- 
and oxidizer cylinders,  t h e  mating V-flanges togethe-; with the V-clamp, 
k 
0 r 4  
d U 
e 
t: $ I 
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and the two end f l a g e s .  
317 stainless s t ee l  and the  othez conponents xire fd~icsted fyom plloy 
steel.  
either c h x m i o a  sr n i c k e l  for corrasim resistance. 
tests n l a  &i@rinc gas the plated parts were pitted s i ightfy  by the 
extremely corrosive chlorine and hydrogen chloride gas. 
The two cylinders we= fabricated frm ’‘p 
n e  a~loy stec? parts I; re heat treated ruG the3 plated - . i th  
During the 
O-rings wers eqioye2 t3rwcghc.n: the tes: &smber asses;ibly for 
scaling. O-rings made of a high t ewrature  elastomeric cmpotmd 
(Viton A) were utilized, bat still the -ring ~roprtie5 were the 
limiting factor for big;? teqzratux%  pera at ion. 
saxhum sustained operating t-.zperature was linited $9 abwx 260 C, 
several experimnts were coildxcted at  teqeratures up t o  320 C, I t  
w a s  experimentally determined i h z t  the ITA cwld be -rated with 
oxygen at these teqeratuRs for tiws up t o  about one hour without 
o-ring failure. 
severely degraded and ?-ring replaceent  w a s  reqAred after each 
t e s t .  Since complete reFlaceraent of the a-rings i n  the ignition 
chamber a s s e d i y  wbs rather difficult acC ti= co~~wai i lg  {requiring 
realis-t and adjustncrit cf thc kinematic sys+.emr), oniy a feu 
tests rsere conducted et tz;.>:rztures in excess of 3 W  L. 
Even though the 
0 
0 
Hob..ver, at these conditicns, ,-he c-rings arere 
3, 
TheT-q.! ic-..:rol System 
The thermal cor.frol sy5t-T is co~possc! of. the electrical heat- 
ing coils, thermal insi l lat ion,  s x s i n g  thezzocauplcs PAC two 
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temperatm coiltmllers. 
vided fttr 30th *e i n e n  chamber and the oxidizer chrchber. Electri- 
ally insulatd aimraw w i r e  heating elemaxe are wrapped on the 
outside surface of the inert and oxidizer cylinders and ttre mtcr 
rrl+ace o f  thc end f lanpes. 
thews1 insifation md a stmttural shell is f i t t d  outside this 
insulation. 
&&ET tmpemtmes.  Tu0 proportional temperature controllers 
{klmr Trpc N-19 and #est Hodel JP-53) C Q I I P B ~  signals from the 
*enmxqles with the set point teqexature, and csntzol p e r  
rs.2izys -which are ccnnecteb t o  the heating coils. 
ture controller rsgulates pwcr to the flange heating coil and the 
cylirder heating coil for each cha&er. 
glact 5onded aic3  is lscated bemeen the V-flanges so that experi- 
ments piay be m-&cted a t  a fixed temjjerzma J diffarcnss. 
Independent zemperature cmtrol is pro- 
The heating coils are coveted with 
%prate themcouples monitor the oxidizer and inert 
A single tempera- 
A themal insulator of 
A sch-tic diagram of the pressure control system is presented 
in Figure 23. 
tion of the t e s t  chamber assembly. 
and chlorine supplies; a vacua pump, and the required tubing, valves 
aid pressure gauges for controlling gas species and pressure. 
chlorine supply includes a heated water container t o  raise the 
vapor pressure of tn t  chbrint for high pressure tests.  
This system provides for pressurization and evacua- 
I t  is composed of helium, oxygen 
The 
Operations w i t h  chiorine gas required several additions1 safety 
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The kinematic sy-tes provides far the mwCQent ~b the smle 
shaft inti: tho oxidizer chanher. %s system consists of a pnwrratis 
cytimkr, trigger aechasisn, shock absorber, L u e d  tmferring du- 
vice, and the sample shaft. The pr#wrotic cylinder (Hiller Fluid 
Power, bbdel 374, 5% in. bora by 23 in. stroke) was spadally m d i -  
fied for only a ? in. working stmke. 
matie cylinder- is annecacd to me sraple shaft wfob a clsris pin 
The pisem rod of the pnau- 
sdaptar. 
?%e aolsraok! p r a t e d  tdgger aechanhs i s  -raamted sm the md 
end of t!?m pMtlsBQtfc cylidcr and restrains tha movable mass by 
eagagament with the clevis adapter when the pisom is fully retracted. 
'fhc &a& &satbar $3 uffstt t o  the si& of the ignition dtoaBtr 
usm&ly (see Figu~c 9 )  and the .kccfers:isg fcrce is trmsfexred 
.&oat the shock abwectr to the sample shaft -by a sootngiiig m which 
1s s t r u t k  by the clevis adapter after the s q l e  skft has travel- 
ed a distance of f i v e  inches. The entire m v h g  maso is &8f%rbted 
to  zero velocity i n  a distance of two inches. 
is a variabla energy, constant force t e a  (Efdyn Corporation, t&?dQl 
m- 2 - 2 4 s ) .  
%a w - k  ebsotbrr 
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A brief descriptim the operation of the kinematic system 
follsws. 
s q l e  shaft) is h l l y  retracted 50 that ths free end of the s q l t  
shaft fs located in the inert &anher. 
cocked 8nd the piston end of the pneumatic cylinder is pressurized 
with nitrogat (usually t e  abut  148 p i g ) .  Upon cnergiration of 
the trfgger solenoid, the wveble mass is accelerated by the COR- 
pressed nitrogen behind the piston. 
traveled f iv:  inches the clevis adapter impacts with the swinging 
~ l l p  assembly and the moving mass is decelerated by the shock absorber 
i~ tbe last two inches of the seven inch stroke. 
The ~o~etb3c  mass {ppisto~, piston rod, clevis adapter urd 
The trigger mechanism is 
After the movable M S ~  has 
The sample travels fraar its in i t ia l  position i n  *h inert &&or 
to the brs t  diaphragm in about 0,014 to O.OS0 seconds dqending on 
the pressure in the chambers. 
essentially " i n s t a n ~ e 6 u s ' ~  {thu time taken t o  sherr the dialghragn) 
md the entire stmke is coeprlerd in &cup, 0.12 t~ 0-15 seconds, 
Exposure to  the oxidizer gas is 
me instrumentation System 
n e  following parameters uere recorded by ?he f n s t m n t e t i e n  
§yStm: h o e  Chdrrt  t q e T 8 t U l W ,  OXi&.Zer chqEhW t v r 8 t W e ,  
her+, &der pressure, differential pressure betuoan the inert and 
rxidi tor  chambers, a d  ignition time. 
by themocouples projecting in to  each t o s t  chambas snff were recorded 
by Brow-. tesperatcrs compensated millivolt recorders. 
chambet pressure and the GiPferantiai pressure were m~~urcPt3 by 
Teapsrtturer w t r a  sewurnti 
Both tb inert 
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k’ianckc var iable  reluctance transducers and were recorded by Brown 
a i l l i v o i t  recorders. 
was also recorded by a d i r x t  writ ing oscil lograph (CEC ?lode1 5-124). 
The pressure transducers were calibrazed e l e c t r i c a l l y  p r io r  t o  
each runz and periodical ly  against  a precision pressure gauge which 
had been dead weight chlibrated.  The accuracy of the  i n e r t  21.3 
d i f f e ren t i a l  pressure transduccrs i s  estimated t o  be - -L ?psi and 
- + 0.Spsi respectively.  
?he d i f f e ren t i a l  pressure transducer output 
The igni t ion  of  the sample was a m i t o r e d  >y e i the r ,  or both, 
of two photodetectors. A photodiodf - exas Instruments Type lN2175j 
which was connected t o  a small t r a n s i s t o r  ansplifi-- c i r c u i t  was 
u t i l i z e d  as the  pr incipal  sensor f o r  a l l  of thr. i ~ ~ I i t i o n  experiments. 
Its amplified output was recorded on the  oscil lograph. 
t r a l  response of this photodiode is  presented i n  Figure 24. The 
other photodetectcr, sensitive i n  the u l t r av io l e t  (UV) spectrum, 
was a prototype of a device which is current ly  under develapwnt 
by Hcncweli, Inc. for use i n  f ire detection applications.  This 
lit’ detector  is an ionizat ion type detector  and is much more sens i t ive  
than t h e  photodiode. 
depicted ir; Figure 25, and the e l e c t r i c a l  scheaatic employed with t h e  
l iV detector  is presented i n  Figure 26. 
employed i n  the ITA when the UV detector  was u t i l i z e d .  Ignition was 
de+eekd by both devices within one millisecond of thc s m e  time for 
811 t e s t s  i n  which both detectors  were u t i l i zed .  
The spec- 
The spectral  response of the UV de tec tor  is 
Fused quartz windows were 
The beginning of thc igni t ion time in te rva i  was indicated on 
0 c 
n 
0 a 8 t N 
( 8 )  etuodsey orrlir 1 oy 
0 0  
0 
0 
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k 
0 
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+J 
0 
0 
> 
Y 
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n 
M 
r( 
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105 
the osciafograph by the  actuation of a microswitch. 
swixch was located so t ha t  actuation would occur as Che sample 
entered the oxidizer chamber. The time in te rva l  between the  actua- 
t i on  of the microswitch and the f i r s t  indicatior, of a sustained 
photodectector signal was taken as the ign i t ion  t h e .  A typ ica l  
oscillogram of an ign i t ion  test showing the detector  signals and 
the  measurement r,f ign i t ion  time is presented i n  Figure 27. 
The micro- 
of S q l e  Shaft  -" - - -  
ragm Ptrncturci ( t = O )  
-. 
= >* 
I .  .. . - - ... 
Figur:: 27 Typical Cscilllogrw: froa an Ignition Test 

electrically and the tpplperature recorciers were checkcS to issure 
that  they were indi-sting the correct room tnperaturc. 
and aridiziag & d e r 5  anO the gar supply fed lines Yere evacuated 
to P pressure of on2 torr or lts3. 
CFS rht cha&cr asse+iy by closing the b a l l  valve (sse F i g u r e  23) 
The inert 
'Ihc vaccwa purp sils isolated 
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0 x - 3.8 x 10" cal/cm-sec- K .  This value i s  estimstd 
from X = b.35x10-' cal /cm-~ec-~# at  300°K and 1 atm by 
the pmcadu~e given i n  Reference 44 pp. 2SO-251. 
c = 6.988 cal/no;e- K. This value was obtained directly 
from Tabla 14, Reference (49). 
Q is calculated f r o m  a stoichiometric reaction of O2 and 
butadiene 
g 
8 
0 
8 
X4H6 + 1102 * 6H20(g) + 8C02 - ;2[Mc) 
where the OHc is the heat of colabustion f o r  butadiene 
Wc = -10.8 keal/g fuel (Reference SO) 
Q 00.8 keol/g hu1)[*] fW?l 
35 g oxygen 
Q - S380~1Ng-oxygen 
The diffusion coefficient,  D 
diffusion o f  oxygen since there i s  no diluent i n  the gas 
is computed for the self s' 
phase. 
" 2  ll 2.84~10-'a /roc c T J t 8 d  fm Equation 16.4-13 
0% 2cfmencs 44. 
Using the &owe values, ci was c o l w l a t w  by Equriidn E-2, 
Canpitatien uf 9: 
Prom a a 6.4 and d = 15.1,  ?* is estinated fraa Figure 2 of Ref- 
menee (12). 
T* = 6r10-' 
The ignition time nay now be computed from Fquation E-1 if a valw 
of B is chosen. 
deterrined pre-exponential factor, QB for a PBAA-AP propellant is 
recorded as 6 .7~10  cal/ca -set. Employing the afortrsntioned 
valw of QB, t* is calculated t o  be 
From Reference (IS), p. S91, t h e  experimental?y 
9 2 
t* - 0 . 4 5 ~ 1 0 ~ '  - 
or roughly seven orders of magnitude ftar the hsasumd value of about 
0.150 sec. Of course, the agrscl&nt may be improved by sorely 
changing the value of the pre-axponential faczor, B. 
APPENDIX F 
21.E'MD OF ESTIMTING FLUXES FW)bI 
BULK THER)Jw, DEc3uMTION DATA 
The bulk thermal degradation of polymers is  expressed as mass 
per cent Gf sample vaporized per unit time. Because tho shape and 
condensed phase of the sample is mknm it is necessary t o  assume a 
sarapla shape. In order t o  mbke a conservative analysis. ( i .e .  predict  
a high value of mass flux for 8 given buln thcrirrsi degradation ra te )  
a spherical  shape is assunbed. In addition, t he  surfwe to  voltaco 
r a t i o  of a sphere w i l l  be fur ther  readced by e order of magnitude 
t o  clccaunt for almost any conceivablc shape of the sample and thus 
give a highly conservative estimate of t h e  mass flux. 
n.e fcl lowing sample calculation wi- . l  i l l u s t r a t e  the  caieula- 
t ion  procedure. 
Assume a mass t he r r a l  degradation r a t a ,  k 
k = 1.45xi0-6%/sec. 
Nw. compte the radius of sphere of polymer having a mass of one 
grtua. 
where blS=mass of sphere = 1 g 
p d e n s i t y  of sample, say 1 , O S  g/Cm 3 
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3 Vswolme of sphere, cm , and 
r-radius iP sphere, cam. 
Solving th i s  equation for, r 
Now the equation for the surface of a sphew, Ss is 
2 2 -4ur r4n (0,227)2'J = 4.66a0, 
and one tonth of th i s  area is 
2 (0.1) Ss = 0.466cm . 
Write the Pass flux, d, (g/C~n'-sec) a3 - -wb:JL (m) k g.'c~ 2 '  -sec 
Thus, 
2 1~0~21'25x1~ -6 = 2.69 x loo8 g / m  -see, (100 i =  (
OT 
lh - 0.0215 k - 
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A P P M k X  C 
TABULATED IGNITION DATA 
Table 1 presents the experimental data and calculated cuncentra- 
tims for the ignition tes ts .  
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APFENDXX K 
W S  SPECTRAL MTA 
Tke Node1 12-107 Bendix Time-of-Flight Hass Spectrometer was 
operated at the following conditioas for a l l  of c:x polymer spec- 
tra experiments. 
Filament Current: 3.1 axps 
Trap Current: 0.125 u q s  
Pressurn: < torr 
Icn tens: O f f  
POT Focus: Maximum gain 
Electrcn Energy: 70 volts  
Helium flow rates in the sample inlet system were between 8.5 and 
13.1 milliliters per minute for a l l  samples. The following tabu- 
lated mass spectral data far e3ch poij?aer are preceded by a graph 
of tnc temperature history of the polyiuer sample. 
0 m 
N 
0 m 
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;mle 2 M u s  Spectra of CTPB Polymer 
Re 1 at f ve Re1 at iue Re 1 et ive  
./e Abundance w e  Abundance d9 Abrardmce - -- 
scam 1 m d  2 
4 
14 
13 
16 
17 
18 
26 
21 
28 
29 
32 
39 
40 
41 
42 
43 
44 
58 
100 
2.20 
0.50 
1 .os 
A .SO 
5.20 
0.30 
0.40 
0.70 
0.23 
0.50 
0.60 
0.40 
3.03 
0.50 
0.90 
38.0 
10.5 
Scans 3 md 4 
4 
12 
13 
14 
15 
16 
17 
18 
19 
20 
24 
25 
26 
27 
20 
29 
M 
32 
35 
100 
0.75 
0.75 
4.40 
7.45 
1.90 
5.20 
0.30 
0.25 
0.25 
0.90 
1.80 
2.80 
2.30 
0.20 
4.95 
0.20 
13.3 
38.0 
scars 3 and 4 
36 0.50 
33 0.60 
3a 0.80 
39 1.80 
40 1.20 
41 2 .oo 
42 2.60 
43 16.8 
44 6.60 
45 0.25 
46 0.25 
so 0.65 
52 0.20 
53 0.30 
54 0.35 
SS 0.80 
56 0.60 
57 0.70 
58 8.10 
59 0.40 
60 0.65 
62 0.20 
67 0.40 
59 0.35 
81 0.50 
91 0.60 
92 0.35 
97 0.50 
98 0.30 
100 0.25 
mr
Scans 5 md 6 
4 130 
12 0.25 
14 1 .oo 
15 1.65 
16 8.40 
17 2.30 
18 9.78 
Scsns 5 and 6 
rmt 'd. 1 
26 
2; 
28 
23 
32 
36 
39 
40 
41 
42 
43 
44 
53 
58 
59 
96 
0.30 
0.70 
16.0 
0.60 
3.0 
0.20 
0.80 
0.25 
0.60 
0.60 
5.45 
0.40 
0.30 
1.45 
0.25 
0.23 
Scans 7 md 8 
4 
14 
15 
16 
17 
18 
25 
26 
27 
28 
29 
31 
32 
37 
38 
39 
40 
41 
42 
43 
44 
1ca 
1.00 
1.00 
0.70 
2.10 
6.73 
0.35 
0.40 
0.80 
0.70 
0.20 
5.22 
0.20 
0.25 
0.40 
0.60 
0.50 
0.50 
5.98 
0.70 
14.0 
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Table 2 (Cont’d.) 
Scans f and * 
(cont ’ d. ) 
ss 0.30 
56 0.40 
57 0.40 
S8 2 .00 
93 0.30 
Scans 9 and 10 
4 
13 
14 
1s 
16 
17 
i8 
26 
27 
29 
31 
32 
37 
3e 
4 1  
42 
43 
44 
53 
54 
s5 
56 
57 
58 
67 
68 
63 
79 
80 
81 
28 
100 
0.25 
1 .oo 
1.10 
0.60 
1.95 
6.30 
0.60 
1.10 
1.30 
0.90 
2.35 
0.20 
0.70 
0.60 
0.85 
0.90 
4.20 
0.85 
0*25 
0.40 
0.25 
0.59 
1.75 
0. i.0 
0.30 
0 . 9  
0.40 
0.20 
0.35 
15.0 
0.35 
Re lat ivc 
n/e Abundance 
$cans 9 and 10 
S n t t B . 1  
91 6.25 
13: 0.20 
4 
14 
1s 
16 
17 
18 
25 
26 
27 
28 
29 
30 
31 
32 
38 
39 
40  
4 1  
42 
43 
44 
53 
54 
5s 
56 
53 
53 
67 
6 3  
63 
70 
71 
77 
78 
C 9  
LI- 
:00 
1.70 
1.60 
0.80 
3.00 
0.20 
0.30 
1 .oo 
1 .ZS 
0.20 
0.20 
4.00 
0.45 
0.75 
0.30 
1.15 
0.90 
6.25 
1.00 
0.50 
0.30 
0.70 
0. ; J  
0.90 
5.70 
0.20 
0.70 
0.2; 
0.30 
0.39 
0.20 
0.40 
0.20 
I1 .o 
22 .o 
Relative 
AbundanCC? 
Scans 11 and 12 
79 0.40 
80 0.40 
81 0.30 
82 0.20 
83 0.30 
84 0.20 
85 0.20 
91 0.30 
92 0.60 
93 0.40 
99 0.30 
105 0.30 
107 0.20 
109 0.30 
p c a n t ’ a . ) T  
Scans 13 and 14 
4 
14 
IS 
16 
17 
18 
26 
27 
28 
29 
31 
32 
37 
39 
40 
4 1  
42 
43 
44 
4s 
46 
5 1  
38 
100 
1.60 
1.65 
0.60 
2.40 
8.55 
0.40 
1 .oo 
1.30 
0.20 
2.80 
0.20 
0.30 
0.80 
0.40 
1.50 
9.55 
5.75 
9.30 
0.30 
0.20 
0.20 
18.6 
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Table 2 (Cont'd.) 
Scans 13 md 1 4  
5s 
56 
S7 
58 
59 
65 
67 
69 
70 
21 
77 
79 
81 
8s 
91 
93 
97 
105 
106 
11s 
118 
131 
146 
107 
0 . h  
0.60 
0.60 
0.60 
3.50 
0.30 
0.20 
0.70 
0.10 
0.30 
0.30 
0.40 
0.50 
0,4Q 
0.40 
0.30 
0.20 
0.25 
0.30 
0.20 
0.20 
0.25 
0.25 
0.30 
0.25 
Scans 15 and 16 
4 
14 
1s 
16 
17 
18 
26 
27 
22 
29 
32 
100 
0.80 
1 .so 
0.50 
2.25 
8.70 
0.40 
0.80 
1 .M 
2.80 
15.6 
Re 1 at ive 
d e  Abundance -
SC~SS 15 and 115 
-[C~n*f' d.) 
53 0.8s 
40 0.30 
41 1 .oo 
42 0.80 
43 s .90 
44 0.85 
0.20 
0.40 53 
55 0.60 
56 0.40 
57 0 . 3  
58 3.50 
59 0.30 
67 0.40 
69 0.3s 
77 0.30 
79 0.30 
80 0.30 
83 9.30 
85 0.20 
91 0.50 
93 0.20 
9s 0.20 
105 0.20 
$6 
scans 17 and 10 
4 
14 
1s 
16 
17 
18 
26 
27 
28 
29 
32 
38 
100 
0.80 
1.1s 
0.60 
1.9s 
8.48 
0.40 
0.50 
1.20 
2.88 
0.50 
16.9 
Scans 17 and 18 
39 0.60 
40 0.30 
41  1.20 
42 0.70 
43 5.30 
44 0 .n 
45 U .25 
53 0.20 
54 0.30 
55 0.70 
56 0.60 
57 0.50 
58 3.90 
59 0.20 
67 0. $0 
69 0.40 
71 0.25 
72 0.20 
74 0.20 
79 0.23 
81 0.40 
9; 0.20 
92 0.20 
95 0.20 
105 0.30 
t' ) 
i 2: 
. - --- 
-I 
! -  
i 
I 
j 
I 
!- 
I 
f 
I 
5 
I 
i 
--*.. 
1 
I 
. - . 
- 
i 
, 
I 
I 
I 
0 
v) 
0 
r- 
0 
9 
0 
In 
0 * 
0 
r4 
0 
ca 
0 
c 
0 
0 
d 
OI 
N 
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9e lat ive 
m/e Abundance 
s c m s l a d 2 -  
4 
14 
1s 
16 
17 
18 
27 
2.8 
29 
32 
39 
4% 
42 
43 
44 
56 
58 
100 
0.60 
0.40 
0.2s 
1.40 
6-35 
0. IS 
8.25 
0.40 
1 .dS 
0.20 
0.25 
0.25 
2.20 
0.40 
0.m 
0.60 
4 
12 
14 
15 
16 
17 
18 
26 
27 
28 
29 
31 
32 
39 
41 
42 
43 
44 
53 
100 
0.30 
5.80 
1.4s 
w 1,oo 
4.60 
26.0 
0.60 
1.00 
1.15 
0.40 
3.50 
C.50 
1 .oo 
0.90 
6.10 
2.50 
0.20 
32.0 
5 m s S a n d 6  - 
4 'too 
14 - 2.90 
15- 1.70 
16 1.40 
17 3;60 
18 12.0 
:o 0.m 
26 9.35 
27 0 '60 
28 43.0 
29 0.8s 
32 9.0s 
36 0.33 
38 0.30 
39 0.50 
40 0.70 
4 1  0.40 
42 0.60 
43 6.10. 
44 0.9c,- 
45 0.30 
51 0.20 
55 0.40 
56 0.40 
57 e 4 0  
58 1.30 
59 0.30 
71 6.25 
81 0.20 
Relative 
A'bundmtce 
sCarU7and8 
4 100 
. 14 336 
1s 2.52 
17 2,W 
18 10.4 
26 0.32 
27 a .(16 
28 36 .O 
29 2-34 
52 6.83 
37 0.72 
38 1.44 
39 4.30 
40 1.08 
4I 2.53 
42 0.72 
$4 1.44 
45 1.08 
50 2.52 
S t  1.80 
52 1.44 
55 1.44 
s6 0.72 
57 2.06 
5.9 1.80 
62 1 .os 
63 2.88 
65 2.52 
89 1 .e4 
90 1.26 
92 21.2 
6J2 2.52 
126 3.96 
128 1 .ca 
ScaptJ 9 and la  
4 180 
12 0.30 
19 0.40 
14 
15 
E6 
17 
1% 
26 
27 
28 
29 
30 
31 
2 
n 
36 
E) 
10 
41 
12 
43 
44 
45 
46 
48 
49 
50 
51 
52 
s3 
s1 
SS 
sb 
s7 
58 
59 
63 
45 
66 
67 
48 
69 
to 
71 
2-70 
3.10 
1.20 
5.70 
1-00 
4 -90 
3-10 
0.60 
0.40 
3.33 
0,s 
0.40 
3 .# 
1-60 
6.40 
2-30 
4-9@ 
0.9s 
3.2s 
0-35 
0. M 
0-60 
0*70 
0.7s 
5.50 
2.20 
3 . a  
2-60 
4-50 
?.a0 
0.70 
0.30 
0 . a  
0-80 
1.80 
1.20 
1-30 
1-40 
1.35 
24.0 
35.0 
12.2 
s r v a z 9 d 1 0  
{ChmVd.) 
72 0.60 
73 0.20 
n 1.30 
?6 0 .a 
79 1.70 
80 1.u) 
01 0 .a  
82 0.60 
63 1.00 
a4 0-30 
85 0.90 
a7 0.20 
91 1.50 
92 0.30 
93 1.10 
94 0.40 
9s 0.40 
96 0.30 
33 0.70 
98 0.- 
99 8-5G 
103 0.20 
1.8f 9-50 
li% 0.49 
Xt?7 0.38 
ma 0.66 
109 0.40 
110 0.40 
111 0.50 
119 0.30 
66 0.m 
4 100 
12 0 . Z  
14 2.80 
15 2.60 
16 1.25 
17 5.90 
18 1S.7 
26 
27 
28 
29 
30 
31 
32 
37 
3a 
39 
40 
41 
42 
If 
(4 
4s 
50 
51 
w 
53 
s4 
sf 
56 
51 
53 
59 
62 
63 
6a 
65 
64 
6? 
68 
69 
t o  
71 
72 
n 
78 
79 
80 
SrrmUasdl4 
4 
x.2 
If 
is 
IS 
16 
13 
I8 
25 
26 
-27 
28 
29 
SO 
31 
32 
37 
38 
33 
100 
0.25 
0.20 
2.50 
2,40 
0.85 
4*# 
(1.30 
0.90 
5.20 
1.35 
0.45 
0.45 
3.02 
0.20 
0.30 
2-80 
36.8 
29 .o 
ui 
II 
42 
43 
44 
4s 
11 
30 
f l  
52 
f 3  
54 
55 
s6 
S f  
a 
59 
43 
65 
66 
67 
68 
70 
71 
73 
77 
78 
79 
80 
$1 
&r 
83 
84 
as 
87 
91 
92 
93 
9# 
9s 
1-lo 
4-50 
1.m 
8.20 
2-so 
0. a, 
0.25 
0.50 
O * I o  
0. so 
43-70 - -00 
3.M 
1-60 
3.15 
7-35 
0-S5 
0-2s 
0.60 
0.40 
'1.10 
c.60 
1.65 
0 .t" 
0.75 
0.30 
0.50 
0.40 
1-20 
0.70 
0.W 
0.85 
1-00 
0.40 
0.55 
0.2s 
I .m 
0.40 
0.SS 
0.  so 
0.40 
4 
12 
11 
ls 
16 
17 
t8 
20 
26 
2? 
20 
2.2 
32 
36 
30 
39 
4a 
41 
42 
43 
U 
4s 
46 
43 
51 
S2 
53 
54 
SS 
56 
57 
u 
u 
61 
65 
66 
67 
68 
68 
to 
71 
73 
77 
78 
23 
sa 
82 
83 
84 
85 
86 
91 
92 
33 
34 
93 
% 
97 
104 
10s 
lQ8 
1 12 
113 
121 
133 
135 
369 
loa 
(I.m 
2.16 
2.20 
0.80 
4.B 
0.66 
2.2s 
3-20 
0.50 
0*40 
4.62 
3-20 
U,# 
1.75 
1 .tu 
4-30 
1,s 
9.70 
3.% 
U S  
0.m 
0.4s 
0.50 
0.50 
0.90 
1.68 
1 .# 
2.60 
8.30 
0 .a 
0.40 
0.30 
0.40 
0.60 
0.90 
0.80 
lb-8 
30.5 
17 am& 18 mm-- 
11 
n 
36 
75 
79 
90 
81 
a2 
83 
84 
85 
91 
92 
93 
95 
107 
flt 
3.20 
Ut 
125 
15 
169 
i 32 
c 
5: 
0 
N 
sl 
0 
133 
Table 4 Mars SputM of PS Po?- 
4 
14 
1s 
16 
17 
18 
28 
32 
39 
10 
41 
42 
45 
44 
58 
100 
0.W 
0.6s 
0*40 
0-80 
3.10 
2.70 
0.30 
0.30 
0.20 
0.20 
2.60 
0.40 
0.70 
12.3 
sl lrns38nd4 
4 
14 
15 
16 
17 
18 
20 
25 
26 
27 
28 
29 
32 
37 
39 
40 
41 
42 
43 
44 
45 
55 
100 
3.00 
1.60 
1 S O  
4.10 
Q. 50 
0.40 
0.70 
1.00 
1.30 
8.25 
0.40 
0.40 
0.70 
0.85 
0.90 
6.80 
2.80 
0.70 
0.40 
15.9 
55.0 
57 
58 
69 
73 
84 
92 
134 
1% 
a2 
0.30 
0.5s 
1.85 
0.65 
0.25 
0.30 
0.30 
0.35 
0.2s 
0. as 
4 
i4 
1s 
86 
17 
18 
27 
28 
29 
32 
38 
39 
40 
41 
42 
43 
44 
51  
100 
0.80 
0.90 
0.45 
1.20 
5.78 
0.25 
0.30 
3.74 
0.20 
0.20 
0.50 
0.25 
0.40 
3.35 
0.35 
0.85 
17 .o 
sculs7and8 
4 100 
14 1.95 
15 0.73 
16 0.84 
17 0.90 
to 
25 
26 
27 
28 
29 
52 
37 
38 
59 
40 
41 
42 
43 
44 
SO 
51 
52 
5s 
57 
sa 
62 
63 
74 
t S  
77 
78 
79 
91 
102 
103 
101 
10s 
106 
107 
117 
120 
5.25 
0.11 
0.19 
0.24 
0.47 
0 3 4  
7 s o  
0.15 
0.52 
0.82 
0.88 
0-49 
0.35 
2.73 
0.63 
G.82 
1.20 
0.46 
0.27 
6.22 
0.82 
0.12 
0.23 
0.27 
0.33 
0.95 
0.95 
0.27 
1 .w 
0.27 
1.10 
2.70 
1 .oo 
0.46 
0.19 
0.19 
0.19 
39 .O 
134 
Table 4 (Cont'd,) 
$curs 9 and 10 
4 
14 
15 
16 
17 
18 
26 
27 
28 
29 
32 
37 
38 
39 
40 
41 
42 
45 
44 
49 
so 
SI 
s2 
53 
5s 
57 
S8 
61 
62 
63 
64 
65 
66 
73 
74 
75 
76 
77 
78 
79 
89 
1Go 
3.10 
1.00 
0.9s 
2.40 
9.00 
0. so 
2.65 
1.40 
7.30 
0,10 
0.60 
2.20 
0.55 
0.70 
0.30 
3.90 
2.35 
0.40 
2.05 
3.70 
1.25 
0.40 
0.30 
0.20 
1.30 
0.20 
0.45 
0.75 
0.40 
0.80 
0.20 
0.30 
0.80 
0.50 
0.40 
2.35 
3.20 
0.50 
0.60 
49.0 
Relative 
Ip/c &&e 
S c a r  ? urd 10 ?==a=-- 
91 
92 
102 
103 
104 
I05 
106 
io9 
120 
135 
165 
1.60 
0.60 
0.80 
3.00 
8.10 
2.50 
0 -90 
0.20 
0.40 
0.20 
0.20 
scans 11 and 12 
4 100 
34 3.25 
1s 1.20 
16 1 .oo 
17 2.70 
18 8.90 
26 0.65 
27 1.55 
28 48 .O 
29 0.94 
32 8.M) 
37 0.70 
38 1 .oo 
3s 2.20 
40 2.15 
41 0.85 
42 0.85 
43 5.10 
44 1.95 
50 2.60 
51 4.80 
52 2 .oo 
53 0.50 
55 0.40 
56 0.40 
57 0.45 
Relative 
Pbundrnce 
Scrru 11 and I2 
'(cant Vd.) 
sa 
s9 
61 
52 
65 
64 
65 
67 
69 
73 
74 
75 
70 
77 
78 
79 
80 
82 
86 
89 
90 
91 
92 
93 
98 
102 
PO3 
1011 
10s 
106 
109 
1 IQ 
117 
116 
119 
120 
2 .os 
0.30 
0.30 
1 .a 
1.35 
0.35 
0.50 
0.25 
0.30 
0.30 
'1 .oo 
0.60 
1.05 
2.20 
4.40 
0.60 
0.30 
0.25 
0.30 
0.50 
0.30 
1-95 
0.70 
0.30 
0.50 
0.70 
4-75 
3.50 
0.75 
0.30 
0.50 
0.30 
0.25 
0.30 
0.40 
12 .o 
135 
Table 4 (Cont'd.) 
Relative - B/e Abundance 
Scans 13 and 14 
4 100 
12 0.15 
13 0.15 
14 2.78 
15 1.05 
16 1.20 
17 2.75 
18 9.00 
26 0.90 
27 1.45 
28 49.0 
29 1.10 
32 8.00 
37 0.40 
38 0.80 
39 2.50 
40 0.80 
41 0.70 
42 0.42 
43 5.30 
44 2.00 
49 0.4s 
50 2.85 
51 4.36 
52 1.70 
53 0.40 
55 0.60 
56 0.35 
sa 1.60 
59 0.20 
61 0.40 
62 1 .os 
63 1.35 
64 0.40 
65 0.50 
73 0.35 
74 1.30 
7s 0.95 
76 0.50 
77 2.45 
78 4.30 
Scnns 13 and 14 
-(Cont'd.) 
79 
86 
87 
89 
91 
92 
97 
101 
102 
103 
104 
105 
11s 
0.72 
0.20 
0.20 
c.25 t 
1.45 
0.75 
0.20 
0.20 
0.95 
4.60 
2-70 
0.20 
11.8 
Scans 15 and 16 
4 100 
14 3.30 
1s 1.60 
16 1.20 
17 3.30 
18 10.0 
20 0.20 
25 0.40 
26 1.00 
27 2.65 
28 49.0 
29 0.95 
32 8.00 
37 0.70 
38 1.10 
39 3.10 
40 0.9s 
41 0.95 
42 0.70 
43 s.50 
I4 2.20 
4s 0.20 
49 0.35 
50 3.50 
Scanr 15 and 16 
(Cant 'd.) 
51 
52 
53 
55 
57 
58 
60 
61 
62 
63 
64 
6s 
70 
73 
74 
75 
76 
77 
78 
09 
91 
92 
93 
98 
102 
103 
104 
105 
107 
110 
116 
6-50 
2.76 
0.45 
0.W 
0.65 
1.90 
0.20 
0.60 
0.60 
2 .oo 
0.20 
0.80 
0.30 
0.40 
1.20 
1.20 
1.00 
3.70 
4.65 
0.45 
1.00 
0.65 
0.30 
0.30 
1.20 
6.80 
2.80 
0.30 
0.20 
0.30 
1s .o 
Scans 17 and 18 -
4 100 
14 2.57 
15 0.90 
16 1.32 
17 2.35 
18 7.80 
Table 4 (Cont'd.) 
Scans 17 and 18 
(Cmt ' d. ) 
20 
26 
27 
28 
29 
32 
37 
38 
39 
40 
41 
42 
43 
44 
so 
51 
52 
53 
ss 
36 
f7  
58 
61 
62 
63 
64 
65 
67 
68 
69 
74 
75 
76 
77 
78 
79 
87 
91 
92 
102 
103 
Scans 17 and 18 
(Cont'd.) 
Q. 20 104 7.M 
0.50 105 1.05 
1.03 106 0.55 
51 .o 107 0.50 
0.92 
7.70 
0.55 
0.62 
1 .s2 
0.74 
0.63 
0.60 
4.80 
f .so 
1.74 
3.05 
1.38 
0.27 
0.40 
0.50 
0.52 
1.60 
0.33 
0.28 
0.70 
0.20 
0.37 
0.20 
0.20 
0.20 
0.85 
0.62 
0.30 
2.1s 
2.10 
0.60 
6.30 
0.65 
0.30 
0.65 
2.74 
